General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA TECHNICAL MEMORANDUM 


NASA TM-77538 


REPORT ON THE DEVELOPMENT OF THE ENGINEERING 
TEST SATELLITE-III (ETS-III) ION ENGINE SYSTEM 

S. Kitamura 


(llASA-TL-77538) DLVEICEHBIIT OP THE M85-10101 

EEGIHEEfilHG ZESI SATELLIIE-3 (£ZS>3) lOE 
ENGINE SISTEH (National Aeionautics and 

Space AdBiaistration) 385 p HC A 17/HP A01 Uaclas 

CSCL 2 1C G3/20 24239 


Translation of Report on the Development of the Engineering 
Test Satellite-Ill (ETS-III) Ion Engine System, National 
Space Development Agency of Japan, Tokyo (Japan) , Re- 
port DS-114166, March 1983, pp. 1-206 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 ^ JULY 1984 


]. R«po(t Ko< 

NSSA TM-77538 


OF pOOi^ QUALFi’^. 


3 , Cov«Rintnt Aceetiion No< 


STAMOARO TITLE PACE 


3i R«elpl(nt*a‘Corale6Nir. 


A. Till* *ni Sviiiilo report OW the DEVELOPMENT Oe] R«pef» 0«t« 
THE ENGINEERING TEST SATELLITE-lII 
(ETS-III) ION ENGINE SYSTEM 


7. Ad^oiCi) 

S ♦ Kitamura 


£« PaifdrmlnB OrtjQniiafiori Cocf« 


& PfrifatviInQ OraontxAtian R«port Ho, 


10. ^atk tfnlt Ho. 


9, Pftlormrng Orconi lotion Homo md Addrois It. Conircct or Cronl No. 

Leo Kanner Associates NASW“~3541 

Redwood City California 94063 13. Tgrpoef RaportcndPododCoTaf*/* 

: ^ Translation 

}2o ^ootorino jAg«ncy Neni* ond Ad(Jr«ts 

National Aeronautics and Space Adminis- 

tratibh, Washington, D.C. 20546 *** Spo"*®'*"s As«ney Code 


T5o St;p?l«Catfitcry Holts 

Translation of Report on the Development of the Engineering 
Test Satellite-TII (ETS-III) Ion Engine System, National 
Space Development Agency of Japan, Tokyo (Japan, Report 
DS-114166, March 1983, pp. 1-206 


I6, Al;j»*cct 

The report discusses the ion engine system onboard the ETS- 
III. The system consists of two electron bombardment type 
mercxiry ion engines with 2 mN thrus land 2,000 sec specific 
impulse and a power conditioner with automatic control 
functions. The research and development of the system, 
development of its EM, PM and PM, the system test and 
the technical achievements leading up to final launch are 
discussed. 


17. K«r KD«dt (sclEcied by Auihor(i}] 


19, Olttflbullan S(et«E3cnt 

Unclassified - Unlimited 


Stfcvnty Ctoifif. (a^ ihl» 

Secerrify CloClK* thl« pdQ«? 

ot 

Unclassified 

Unclassified 

384 












Report on Development of ETS-Ili Ion Engine System 


ABSTRACT 

The objective of this report is to present the results of 
research and development of the ion engine system which was boarded 
on the Engineering Test Satellite III (ETS-III) , 

The ion engine system was developed to investigate its 
feasibility for future application of electric propulsion with high 
specific impulse/ through the operation tests under the space 
environment. The system consists of two electron bombardment type 
mercury ion engines with 2mKf thrust and 2,000 sec specific impulse 
and a power conditioner with automatic control’ functions. Having 
overcome various problems during the developments stage, engines 
meeting the specifications were finally produced and are currently 
in orbit, showing fine performance. Discussed in this report are 
the research and development of this system, development of its EM, 
PM and PM, the system test and the technical achievement brought by 
the process leading to the final launching. 
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chapter 1; Foreword 


On September 3, 1982/ the Engineering Test Satellite III(BTS-III) 
was launched into an orbit at an altitude of approximately 1/ 000km by 
an KT-l rocket from the Tanegashiraa Space Center. It was given the 
name of "Kiku No. 4.” 

The ETS"1II is an engineering test satellite designed to improve 
our independent ability to develop common technology for artificial 
satellites requiring large power, as well as to carry out in space a 
number of experiments on the functions of the equipments on board. 

The equipments consisted of the vidicon camera, the ion engine system, 
the active heat control system and the magnetic attitude control 
system. This report details the results yielded by the development 
of the ion engine system. It has been prepared with a view to making 
a contribution toward future development. 

The ion engine system was developed and mounted on the satellite 
in order to acquire the basic technology for high-specific-thrust 
electric propulsion systems of the future. The system itself was 
developed by the National Space Development Agency of Japan (NASDA) 
and it incorporated the results obtained from research and 
development efforts of the Electrotechnical Laboratory and the 
National Aerospace Laboratory, which are national research institutes. 
Currently on board the satellite in orbit, the ion engine system 
represents the result of some 12 years of independent research effort 
by the two institutes. lOO-hour sustained jet propulsion experiments 
and other in-space experiments are being conducted smoothly, yielding 
valuable data. Japan is the second country to conduct such experiments 
in space after the United States and it is the first to have 
successfully conducted experiments on a sraall-sised ion engine. 
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This activity has thereby drawn the interest of those engaged in work 
on future propulsion systems around the world and the achievements 
of the experiments is thus of great significance* 

Work on developing the ion engine system was not necessarily an 
easy process. In retrospect, it became clear that the standards of 
design, production and testing which must satisfy the complexity of 
the equipment involved were not set up sufficiently until immediately 
before the production of the flight model. It caused many problems - 
Thanks to the problems, hov/ever, the development process has brought 
forth a greaterwealth of technological knowledge and data. Hevertheless 
enquiry should be made as to whether the current success signify 
clearance of all the problems to be encountered. To do so, it is 
necessary to put in order all the technical details obtained to date. 
Further, the development of this ion engine system should be considered 
as the first step toward the practical application of such a system, 
providing the basis for futiare developments. The results obtained in 
this project must sorted out from this aspect as wall. 

Thus put together was this “Report on the Development of the 
ETS-III Ion Engine System." The report covers from the initial 
research and development at the two research institutes to the actual 
development and production tests conducted at NASDA, and the subsequent 
system test, preparation of the launch site and finally, the launching. 
It was decided to include as much technical information as possible 
which could serve for reference purposes in the future, even if it 
did not pertain directly to the main subject matter of this report. 

In order to make this project complete, some joint reserch was 
conducted by NASDA and the two institutes. Since their findings have 
been detailed in a separate report, only the most relevant points have 
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been extracted here with reference to the original source so as to 
avoid redundancy. Research engineers from the institutes having 
participated in writing/ this report represents a joint effort by the 
three establishments involved in the development. 

It is intended to prepare a separate report on the evaluation of 
the in-space experiments conducted on the ion engine system. The 
authors of this particular report hope that the material provided will 
lead to the future development of practically applicable ion engine 
systems and that it will prove worthy of reference for this purpose. 
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Chapter 2 ; Background and Objectives of Development 


2.1 Principle and Features of Ion Engine 

Electric propulsion, a form of propulsion which generates thrust 
by accelerating particles using electrical energy, is generally 
capable of yielding a higher particle velocity than conventional 
chemical propulsion which relies on internal chemical energy to 
accelerate the particles. This results in a distinct advantage: the 

impulse per propellant weight, i.e. the specific thrust, is higher, 
which means that the weight of the propellant required is much less 
to do the same job. Among the systems of electric propulsion devised 
are plasma engines and ion engines.^) 

Pig. 2.1 shiDws the operative range of all forms of electric 
propulsion in terms of thrust and specific thrust. The ion engine 
obtains thrust by ionizing the propellant and by accelerating and 
injecting the ions thus obtained in a high-potential electrostatic 
field, and it is characterized by a high specific thrust. In fact, 
the specific thrust is in the range of 2,000 to 7,000 seconds, which 
is 7 to 30 times as high as that of a chemical rocket (hydrazine, etc,). 
The thrust is in the range of 10"^ to lO”^!!, which is relatively low. 
Making full use of this feature, ion engines may be employed for 
maintaining stationary satellites in orbit or as the main propulsion 
system for spaceships for interplanetary probes or interorbial 
transporters of large-scale space structures. Its low thrust renders 
an ion engine suitable also for controlling the attitude of flexible 
structures with a high degree of precision. 

A relatively large power source is required for the ion engine 
to operate which in turns necessitates a power system. This does not 
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worJc out to be an advantage over chemical propulsion in small-scale, 
short-life satellites. In maintaining a stationary satellite in orbit, 
for example, an ion engine is on a par with a chemical propulsion 
system if the satellite has a weight of 500kg and a service life of 
2 or 3 years, Above the figures quoted, the heavier the satellite 
and the longer its service life, the more advantageous it is to employ 
an ion engine. Fig. 2.2 indicates the weight of each of the propulsion 
systems which may be used to maintain a 1,000kg stationary satellite 
in orbit for varying mission durations. On an S-year mission, for 
instance, it is possible to increase the payload by 120kg if the 
conventional catalyst hydraaine is replaced by the ion engine. This 
is virtually equivalent to a payload placed in stationary orbit by an 
W-l rocket. 

Consequently, ion engines are suitable as the propulsion systems 
of large-scale satellites with a large power source and for long-term 
use, offering a substantial weight advantage. 

Three different methods of propellant ionization have bean 
proposed for ion engines so far? contact ionization where cesium or 
another element with a low ionization potential is passed through a 
high-temperature metal filter; high-frequency ionization v/here high- 
frequency energy is absorbed; and electron bombardment where electrons 
are bombarded in order to achieve ionization. Each method has its own 
distinct advantages but in countries such as the United States and 
Japan it has been the electron bombardment type (which is often referred 
to as the Kaufmann engine after the name of tho man who devised it) 
that was chosen for development projects. 

Pig. 2.3 illustrates the operating principle of the electron 
bombardment type of ion engine which employs mercury as the propellant. 
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Iliqttid mercury sent from the tank is heated and vaporized by the 
vaporizer and led to the discharge chamber. The electrons emitted 
from the cathode come under the operation of the electrical field 
generated by the anode and the magnetic field generated by the 
permanent magnet. This puts the electrons into a cyclotron motion, 
with the result that they collide with the mercury atoms and ionize 
them. The ions in the discharge chaniber are electrostatically 
accelerated by the high voltage applied to the screen grid and they 
are emitted as an ion beam. If ions alone are taken out, the engine 
becomes negatively charged and stops accelerating. In order to 
maintain electrical neutrality, electrons are emitted from the 
neutralizer into the ion beam. A high negative voltage is applied to 
the accelerator grid at this time, so that the neutralizing electrongs 
do not flow backwards toward the engine. Thrust can easily be 
computed by the beam current and acceleration voltage (current and 
voltage of PSl) , and adjustment may be made by varying the discharge 
current (current of PS3) or acceleration voltage. Specific thrust is 
proportionate to the square root of acceleration voltage and is also 
variable. Such ease in control is one of the characteristics of ion 
engines. Also, the neutralizer works to maintain a constant electrical 
neutrality, eliminating the problem of electrification in stationary 
satellites . 
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The United States is the leader in the development of ion engines 
The first on~hoard experiments were carried out in 1970 with SERT-ll 
(Space Electric Rochet Test) and the total actual operation time of 
7,000 hours was accomplished with a 30mSf mercury electron hombardment 
type engine. Currently# 5mN-class engines are toeing developed for 
secondary propulsion# two of which will be boarded on the Satellite 
P80-1 (altitude 740hm and angle of inclination 72.5)# scheduled to toe 
launched (using space shuttle) in November# 1983, for a flight test 
mainly of repetitive operations . (See Fig. 2.4.) This is in 
preparation for the application to North-South orbit control of a 
l,000kg-class stationary satellite with a 7-year service life. For 
main propulsion# basic modules of two each lOOmN-class engines# called 
BIMDD, have been developed. Used in sets of three to six# they are 
planned to be used for a planet probing space ship, space tug acting 
as an upper shuttle# etc. Fig. 2.5 illustrates the concept cfa space 
tug (NASA Lewis R. C./ Marshall S.F.C.) in which three stationary 
satellites are transported from a low orbit to stationary orbit by 
ten engines in cotribination with 25kW-solar array. lOOnffiT-class engines 
have been developed up to EM. 

Aside from this development direction that NASA Lewis/Hughes has 
followed# there is another direction that NASA GSFC/EOS has pursued 
which used cesium as a propellant. 5mN electron botribardment type was 
developed for the purpose of testing its use in maintaining North- 
South orbit# and boarded on ATS-6. Despite the initial success# 
difficulties in the supply system# peculiar to cesium, have since 
caused the operation to halt. The technology# however, was taken over 
by INTELSTAT/EOS and incorporated into the development of mercury MESC 





(magnetoelectrostatic containment) ion engines of ISmET-alass, 

In the West Germany# high-freqaency mercury ion engines# which 
make use of high frequency discharge# are in development, lOmN-alass 
engine# RITA# is planned to he hoarded on a television broadcasting 
satellite TV-SAT and used for North-South orbit control. It has so 
far been developed to RITA-1 of PM level# whose engine shape and 
boarding configuration (TV-SAT D3) are shown in Pig, 2.6. Actual 
boarding on TV-SAT D3# however# seems to have been passed up. 

Development is also taking place in England (lOitlN mercury electron 
bombardment type) # in Prance (cesium contact ionisation type) # and 
more recently in China (5roN mercury electron bombardment type) . All are 
for secondary propulsion, and none has been scheduled for actual flight 
yet. In the U.S.S.R,# although the details are unknown# the emphasis 
seems to be on plasma engines. 

In our country# 2tnN mercury bombardment type was developed and 
boarded onETS-III. It was the second in-space experiment of ion 
engines following SERT-II of the U.S., and# as a secondary propulsion 
system# precedes P80-1, In addition# HAL is leading the research and 
development of lOmN mercury electron boiubardment type engines. 

Table 2,1 shows the status of these ion engine system test flights# 
launched and planned. 
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2.3 Objective of Developtnenfc 


The ohjective of developing ion engine system for ETS-III is to 
study the performance under the space environment of ion engines, a 
promising secondary propulsion system with high specific impulse for 
large-scale stationary satellites with long service life# and acquire 
basic data for such future application. 

The engine was mercury bombardment type ion engine of anode 
diameter 5cm, developed by our national research institutes, the 
National Aerospace laboratory (NAL) and Electrotechnical Laboratory 
(ETL) . Based on the stage of development at that time, this type was 
chosen for its compatibility to the development schedule and to the 
power and weight distributions of ETS-III, 


2.4 Development History 

Research and development of ion engine system were started in 
out country around 1970 by NAL and ETL. Their emphasis was on mercury 
electron bombardment tjfpe with thrust of 2mN and anode diameter of 5cm, 
to be used for maintaining a satellite orbit. They test-produced a 
system equivalent of breadboard model and accumulated data from 
injection and other experiments. By the time the engine became a 
candidate for equipments to be boarded on Engineering Test Satellite 
(ETS-III) in 1973, they had indicated a desire to experiment in space, 
as a preparation for practical application. • ETS-III had been planned 
with the purpose of developing commong technology for satellite 
recjuiring large electric power, and at the same time, had been 
designated to accept "equipments for experiments on-board that are 
requested by satellite-users. In April, 1974, 3SAL/ETL and NASDA 
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started a joint technical study on the possibility of boarding ion 
engines on EIS-III# and/ as a result/ a concept design proposal 
entitled "Ion Engine Systems a Study Of An Electronic Equipment 
Proposed To Be Boarded on Ea?S-III" was presented to NASDA by NAL/ETL 
in 1975. In response, NASDA proposed to the Space Activities 
Commission the- boarding of ion engine systems as a promising source 
of future propulsion system technology. The Commission officially 
adopted in in August/ 1976. A plan for NAI» and ETL to develop this 
system was initially considered, but due to financial limitations and 
other considerations, it was decided that they would continue through 
Preliminary Engineering Model and then the project would be taken over 
by NASDA. Letters of intention to this effect were exchanged between 
the institudes and NASDA. It was agreed that any tests involving 
engine injection would be performed using the facilities of the 
institutes for cost and schedule reasons; that the institutes would 
provide assistance over the entire period of development, to ensure 
a smooth transfer of accumulated knowledge, by exchanging the staff 
and conducting joint studies; and that the three organisations would 
set up the "Ion Engine Development Communications Committee" for 
communicating matters concerning development and operation. 

It was also decided that based on the strength initially shown, 
NAL would provide support for the development of engine unit and ETL, 
that of power conditioner and sub-system integration. Por hardware, 
Mitsubishi Electric was chosen to produce the engine unit and Toshiba, 
the power conditioner, both based on the past experience. Toshiba, 
the main contractor for the satellite, was also put in charge of 
sub- system integration. 

Table 2.2 shows the development schedule of ETS-lll and ion 
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engine system. Production and testing o£ Preliminary Engineering 
Model were started toy the institutes in 1976. Starting 1978, NASDA 
produced and tested, in order. Engineering Model, Proto-type Model 
and the Plight Model. With the examinations given after lES 
Acceptanco Test of July 1981, the development of ion engine system 
was completed. 

Tatole 2.2 Development Schedules of ETS-III and Ion Engine System 
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Table 2.3 Actual Development Process of lES and Its Components 


A: mlestone 
B; Tests 


PDRs Preliminary design review 
CDRj Basic design review 
PQR; Post -qualifying test review 
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Chapter 3 ; Research and Development 


3.1 Outline 

It was about 1970 that research work on electron borobardment type 
ion engines actively began in our country. Already in the United 
States/ NASA Lewis had developed/ as part of the SBRT-II Plan/ electron 
botrtbardment type ion engines of 15cm diameter which were being tested 
for continuous operation in space for over half a year. KAL and E2?L 
designed and test-produced Scm-diameter filament type ion engines and 
conducted basic experiments^"'^^ . It was in this stage that the basic 
characteristics of ion engines were studied: discharges using DC 

magnetic field/ the ion source for this type of ion engine? extraction/ 
acceleration of ions from plasma; neutralisation of ion beam by 
electrons and conditions of the beam/ etc. Technical problems involved 
in the major components of ion engine were also studied, while on one 
hand a vacuum device necessary for experiments was set and various 
measuring techniques were learned. 

The next step was to improve performances, v/ith actual future use 
in spact^ in laind. Efforts were made to improve the components - 
vaporisers, insulators and cathodes. Central to the ion engine, these 
components require! special production techniques and care, and much 
experiences ware needed to produce products meeting the requirements. 
Limited staff and budget did not allow extensive design effort and 
test production of various staructures and specifications, and several 
years flashed by on trial and error. The tr.S,, with the development 
of SBRT-II ion engines, had established the technology of today, and 
the information which gradually became available were extremely helpful. 
When the qualities of main components reached a reasonably acceptable 
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level, the concensus was for continuing the efforts into developing an 
engine system that is operable on board an artificial satellite in 
space as a goal. For efficiency, NAL took charge of the engine unit 
(thruster) and ELT, the power conditioner. NAI» concentrated on 
developing a light weight engine of 5cra diameter, as weight reduction 
was mandatory in space application, while ETL designed, test-produced 
and test power conditioners. Test products, with some modifications, 
showed satisfactory performance, and it was agreed that with further 
improvements they would meet boarding requirements. Thus, On-board 
Experiment Plan for 5cm-Ion Engine^^ was compiled, requesting operation 
tests on board Engineering Test Satellite III which was in its initial 
planning stage. The plan was submitted and accepted. 

Up to that point, thruster and power conditioner were test- 
produced separately, and interfacing as a system had not been complete. 
In HASDA's taking over and continuing from EM through PM and PM, 
making major changes in configuration would be difficult, even in the 
EM stage. Moving straight onto EM, therefore, seemed unreasonable. 
Further, for actual boarding, ion engines were to be subjected to the 
same reliability test as other general equipments to ensure that the 
weight, characteristics, performances, and functions met the require- 
ments. As ion engines required special operating conditions, it seemed 
necessary to figure out how these tests could be conducted. For this 
purpose, PreEM (Preliminary Engineering Model) of the thruster and the 
power conditioner were designed, test-produced and tested completely. 
The objectives of this process were: 

1) ro select and design parts and materials and establish 
production methods based on reliability management? 

2) to gather information on structure, weight, characteristics. 
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performances, etc, in a comprehensive form for input into EM; 

3) to establish interface of thruster, power conditioner and the 
satellite; and 

4) to establish test methods for procurement of reliability. 

The process also served to summarize the research efforts by the 

two institutes, to be carried over into the development phase. 

In the following, outline of the research done on the ion engine 
unit and power conditioner from the initial stage to PreEM is presented. 


3.2 Ion Engine Unit 

3.2.1 Filament-type Ion Engine ^^2) 

Studies on ion engines started with a type using filaments in its 
electron sources - discharge cathodes and neutralizers. Although 
filaments as electron sources have limited life and performance, the 
structure, production and operation are simple and thus suitable for 
learning the basic technology for ion engines. Magnetic field for the 
discharge chamber was obtained by sending an electric current through 
coils wound on the outside of the chamber. Engine size of total beam 
diameter of Sera in the cathode and accelerator grid was chosen. This 
is about the smallest of electron bombardment type engines, and while 
it lacks in certain performances, it is easier to handle because of 
its small size, flow and power. It was also applicable to maintaining 
north-south position of stationary satellites. 

Layout of the engine, pewar sources, wiring and a probe, used 
for measuring beams, is shown in Fig. 3,1, In this ion engine, 
mercury was used as a propellant. The engine operates only in a 
vacuum, A vacuum tank as shown in Pig. 3.2 was set up at NAL 
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specifically for testing ion engines and gradually equipped for 
various tests. Diameter of the main tanh was 1.5m and length, about 
3ra, and an ion engine hanger was placed with a gate valve inhetween 
to facilitate engine installation without breaking the vacuum in the 
tank. Inside the tank, a shroud was placed for cooling liquid 
nitrogen. The propellant, mercury, adheres to its surface and helps 
to increase the degree of vacuum. On the lower flow side, a beam 
collector was installed. It is electrically insulated from the tank 
walls and automatically maintains emission current of the ions and 
electrons from the angina at the same level, simulating movements in 
space. During engine operation, pressure inside the vacuum tank can 
be maintained at about 2 x 10"®Torr. A flat-plate probe for measuing 
the current density distribution of injected beam and an emission 
probe for measuring the potential distribution were installed on a 
moveable device. Of discharge characteristics, the discharge voltage 
level most suitable for ion production, determined by maintaining a 
constant discharge power, is shown in Fig. 3,3. Although there are 
slight differences depending on the amount of flow, the utilisation 
efficiency with mercury reaches the maximum level around 40V. The 
experiment was conducted at a high specific impulse, and with a high 
accelerator voltage the holes on the screen and accelerator electrodes 
were given relatively large diameters of 3ram and 3 . 5mm. There were 
85 holes, 5mm apart (center to center). Examples of ion extraction 
and acceleration characteristics are shown in Fig. 3.4. It is clear 
that when the discharge conditions are steady, total acceleration 
current, the sum of beam current of ions which pass through 
accelerating electrode holes and shoot out to the lower flow of the 
engine as a beam and the drain current which flows into accelerating 
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electrode^ is determined by the voltage between the electrodes# i.e. 
total acaeleration voltage, also# when the net acceleration voltage 
(beam voltage) which determines the injection speed of ions becomes 
sufficiently high compared to the accelerating electrode voltage# 
drain current almost disappears , Taking ion ext rat ion# Poisson 
Equation which determines acceleration# momentum equation and boundary 
conditions into account# ion flows passing through a pair of holes 
become similar, provided that 1) size layout of electrodes are 
similar# 2) ratio R of the total acceleration voltage and net 
acceleration voltage is maintained constant# and 3) parameter /j # given 
below# which binds discharge and acceleration conditions# has equal 
values 2) , 

where mis mass flow of ions 
gs electrical load 

ao2 distance between accelerating electrodes or a typical 
length of electrodes - screen hole diameter# etc. 
jQS current density of ions which shoot from the discharge 
side to acceleration side and become accelerated 
Vts total acceleration voltage 

As ira2ojo is the ion current per hole, // can be considered a 
purveyance per hole. Acceleration characteristic noted earlier can 
also be explained by this relationship, and the results of experiments 
under various conditions supported that overall ion beam distribution 
also followed this principle of similarity. Pig, 3.5 shows that two 
types of purveyance obtained by combinations of beam current and total 
acceleration voltage give similar distributions. Examples of space 
potential distribution of beams# obtained by an emission probe# is 
shown in Pig. 3.6, Beam potential is influenced by the neutralizer’s 
electron emission capability and its position with respect to the 
beam. Potential of the beam collector is thus an index of the beam 
potential# i.e. overall neutralization index. 
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3.2,2 . Light Weight ion Engine^/^) 

The next task was to improve those parts that are vital to the 
performance and life of an ion engine. Test-produced items weres 
porous vaporiser which provides steady supply of mercury# hollow 
cathode which replaces filament as an electron source# and insulator 
using a wire mesh. Production of these parts required special 
processing techniques such as dry sintering# electric discharge 
machining# electron beam welding# plasma or flame coating# brazing of 
metal and insulated materials# etc, for which production conditions 
were difficult to sat. When the mercury vaporizer and hollow cathode 
reached a reasonable level of quality# it was time to consider their 
practical use in space. Taking the weight factor as well as 
performance and life into consideration# a 5cm light-weight ion engine 
was designed and test-produced. Its structure is shown in Pig. 3.7. 
Characteristics of this engine are as follows. 

1) Light weight structure of thin plates. 

2) Entire engine# including a spherical mercury tank, was 
designed and test-produced. 

3) Porous tungsten vaporizer was employed. 

4) Grid type insulator was employed. 

5) Hollow cathode was used in cathode and neutralizer. 

6) Oxidant -coated tantalum foil insert was employed, 

7) Independent assembly of accelerating electrode system. 

8} Use of alumina insulators# compression-assembled. 

9) Length of discharge chamber# strength of magnetic field, size 
and position of baffle were made variable by replacing in steps. 

As the first total design# there were a few problems which 
required improvements. Originally# the diameter of the orifice at the 
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tip of the cathode was 0.08-0. 2 ruh. With a small flow of the engine, 
it was to facilitate easy discharge by increasing the density of 
vaporized mercury around the orifice. In actual use, however, it was 
found that discharge ignition was difficult with such a small orifice 
The diameter was consequently increased to 0,25mm. Also, the hollow 
cathode keeper, originally of open type, was modified to a sealed 
type, as its low density increased the keeper voltage extremely high 
(over 20V) . The discharge chamber had three different length, 40, 50 
and 60mm, and the effects of magnetic field strength on performance 
were studied by placing three permanent magnets around the discharge 
chamber and changing the diameters to 4,75, 5 and 5.5mm®^'^K As a 
typical example, discharge characteristics of the cotttbination of 
50ram-long discharge chamber and 5.5mm-diameter magnet for large flows 
and small flows are shown in Fig. 3.8. It is seen that the discharge 
voltage lowers as the flow increases. Where the discharge current, 
i.e. discharge power, is small, increasing the flow does not increase 
the beam current. As changes in the keeper current hardly affect the 
beam current, smaller keeper current is more advantageous if a stabel 
discharge can be maintained. A relatively small keeper voltage of 
less than 12V was due to the use of a sealed type keeper and oxidant- 
coated tantalum insert. Performance in terms c£ discharge loss (ion 
production cost of discharge) vs. propellant utilization efficiency 
showed that, in the conf^inations studied, shorter discharge chamber 
with thicker magnet gave better results. With magnets of the same 
diameter, however, shorter discharge chamber produced stronger 
magnetic field because of shorter distance between magnetic poles, 
as shown in Fig, 3,9, Pig. 3.10 shows the changes in performance 
cu3rves for different combinations. In observing actual operation, it 


-30- 





was found that when the discharge chairiber was short and the magnetic 
field became strong/ discharge tended to become unstable, causing 
difficulties in operation, especially with a small flow. The safe 
combination was that of a SOmm~long discharge chamber and a 5^ 5. 5mm 
diameter magnet (alnico-5) . 

Alumina pipe of the insulator was mechanically pressed, instead 
of brazed, to the flange for an airtight, linear contact, but a 
leadage of mercury vapor occurred due to an incomplete contact. To 
prevent leakage, a thin copper ring was inserted for tighter contact 
No ill effect of mercury vapor on copper was observed. In using the 
same hollow cathode, keeper voltage gradually increased with time, 
presumably due to deterioration by exposure to air. 


Ficr. 3.7 Structural Outline of 5cm, Light-weight Ion Engine 
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3.2«3 PreEM loll Engine®^®) 

PreEM ion engine project was planned with the objectives of 
providing necessary data for designing the subsequent EM, making way 
for a smooth development of PM, and ultimately producing a reliable 
PM, Development conditions after EM affect the development plan for 
the satellite in each phase, and in return, are affected by satellite 
development. For this viewpoint, a research process was established 
taking various tests required in the development stage into 
consideration. For each test, the device and method were planned to 
be studied and tested. The initial plan is shown in Fig. 3,11. Some 
minor changes were later made, in the production stage, vital parts 
ware to be tested following the process shown in Pig, 3.12. In 
actuality, shock test was eliminated as it was replaced by an 
oscillation test, the results of oscillation test ware visually 
inspected from the outside, and dismantling was eliminated unless a 
trouble was found. Also, any engine disorder was to be spotted by 
the performance tests before and after the oscillation test. Diffusion 
angle of ion beam was also measured during performance tests. Of the 
tests relating to ETS-Ill ion engine development, those tests which 
required techniques specifically developed for ion engines and partial 
results are discussed later. 

Outline of the staructurtg of PreEM is shown in Pig. 3.13. It is 
an expanded light-weight model. Hollow cathode, insulator and 
vaporizer were brazed to one piece (CIV assembly) , which gave tighter 
assembly than the light-weight model, eliminating the possibility of 
mercury leakage. For stainless sheets used for discharge chamber, 
cathodes, etc., thickness of 0.3mm was chosen for guaranteed 
reliability, as compared to 0,2mm used in the light-weight model. 
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Reliability was greatly improved by stricter production conditions 
set for two of the important parts, vaporizer and hollow cathode. 
Impregnated type (barium-impregnated porous tungsten) hollow cathode 
insert was used for the first time. Compared to the oxidant -coated 
tantalum foil used thus far, it was to give a more stable relationship 
between the production conditions and the performance. There was also 
some literature which suggested that it gave b'iitter performance* An 
aluminium flange for assembling onto the satellite was produced for 
the first time also for the EreBM. Including mercury tank and wiring, 
the ion engine thus became a complete system, weighing under 3kg per 
engine including 600gr mercury. Three PreEM were produced, two of 
which were used mainly for various engine tests at HAL and the other, 
for testing in coiribination with PreEM power conditioner at ETL, 
Photograph of the assetribled PreEM engine is shown in Pig. 3.14, 

Vacuum device used for testing was basically the same as the one used 
before light-weight models. In order to simulate the power 
conditioner, test power supply system employed 5kHg short wave for 
AC and constant currant for discharge# and a general power source 
having a drooping characteristic was employed for keeper along the 
way. This power source, connected to a mini-computer, automatically 
controlled the operations of ion engine and helped to increase the 
efficiency of data processing. Por operation under computer (CPU) 
commands,, the keeper power source was also to function as a constant 
currant source. 

in the following sections, tests given for research purposes 
are explained. 
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Fig. 3.12 Ion Engine Parts Tests (during production) 
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3 .2.4 Performance Test®^ of PreEM Icn Engine 

Operation parameters were set for PreEM engine using the data 
obtained from the light-weight model as a reference. However ^ 
parameters actually obtained in many cases did not meet the targeted 
values. The reason# assumably# was that with a different engine, 
changes in thermal characteristic, in particular, had subtle effects. 
Table 3.1 shov/s typical examples of operation parameters obtained 
under steady-state operation and the targeted values. In obtaining 
30mA beam current, there were such differences between parameters and 
target values as noted below. 

(1) Discharge voltage was slightly lower. It is assumably due to 
to difference in the strength of magnetic fields, but such a slight 
difference could be caused normally by the position of the baffle, 

(2) Cathode and neutralizer keeper voltages were high. This was 
caused by the change of insert from the foil-wound type to an 
impregnated type. 

(3) Insulator or cathode vaporizer power was large. This was 
caused by a large heat loss from conduction and radiation due to high 
operating temperatures of the vaporizer. 

(4) Neutralizer vaporizer power was small. As expected, the 
neutralizer keeper supplied sufficient heat while operating 
temperatures of the vaporizer were low. 

Oscillation test was given between OPl and 0P2 in Table 3.1. at 
the level specified for EM, A movement was observed in 0P2 which 
suggested that mercury passed through the vaporizer in a liquid form, 
due to the oscillation test. In other words, OP2 showed a significant 
change from OPls discharge was maintained even with drastically 
reduced power in the vaporizer and insulator, but beam voltage could 


not withstand 1/OOOV* In this regard^ importance of parts selection 
at the production level was recognized. In this particular instance/ 
with a high heginning operation temperature/ an unevenness in the 
vaporizer's porosity/ or a crack/ was suggested as the cause. As a 
countermeasure/ stricter testing of static pressure mercury 
transmission was considered. 

That there was no difference in operation parameters between the 
two engines indicated that the production process was satisfactory. 

It was necessary to study heat characteristics around the insulator 
vaporizer to cut power consumption. Temperature characteristic of 
the cathode vaporizer during repeated engine operation in relation to 
the rated power was as shown in Pig. 3. IS, It took over 40 minutes 
to reach 300C from the ordinary temperature and there was no increase 
until the hollow cathode was ignited. Once heated/ however/ the 
speed of temperature increase rose because of retained heat. Although 
there was ho heat shield around heaters in the early PreEM/ operation 
test of a CIV assembly was performed in order to estimate its effects 
and heat loss due to conduction. As shown in Pig, 3.16/ heat shields 
were installed around the vaporizer and insulator heaters and a 
vaporizer flange was installed on a O.Smm-thick stainless support 
plate. Vaporiser temperature characteristic during this test is shown 
in Pig. 3.17. Rate of vaporizer temperature increase with time was 
about the same regardless of the presence of a shield. This is because 
there was little heat loss from the flange. It is also evident that 
the shield not only reduces heat conduction loss but has positive 
effects on the meucimum temperattire that the vaporizer reaches. Based 
on the results, both the installation of heat shields and thermal 
isolation of the vaporizer were incorporated for reducing power 
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consumption, in the first EM test, condensation of mercury occurred 
in the low-temperature part cf the vaporizer. It was found that the 
temperature characteristic around the vaporizer was affected subtly 
by its rated operation temperature, heating power, position of the 
heater, size of the heat conduction passage (length and thickness of 
the pipe between vaporizer and flange) , etc, A vaporizer insulator 
improved upon these observations was used for thermal vacuum test^O) 
using a PreEM engine. Although there was a slight mercury 
condensation at the s tart of the engine due to its operating 
conditions, a relatively good characteristic was obtained. Operation 
parameters for this thermally improved vaporizer are shown under 0P4 
in Table 3.1. 

In addition to these improvements on the engine unit itself, 
redistribution of pcwer was made in the power source device when the 
EM phase was started# revising the targeted operation parameters for 
easier engine operation. 
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gable 3,1 Examples of PreEM of 5cm Ion Engine 
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3 . 16 CIV Assembly Used in Single Unit Temperature Characteristic 
Test 



3 » 17 Vaporizer Temperature Characteristic in Single Unit 
CIV Assembly 
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3«2«5 Measurement of Beam Diffusion^^) 

Relationship between the satellite and high-speed ion beam is 
important in the engine operation on the satellite* In maintaining 
the north-south direction of a stationary satellite, its effect on the 
solar cell paddle esctending north-south must be taken into 
consideration. Thrust loss due to a diffusion of the beam with 
respect to its central axis should be estimated. Diffusion angles are 
also measured in order to obtain basic data necessary for selecting 
an installation method having no negative effect on the satellite and 
other equipments. For this purpose, smaller diffusion angle is more 
desirable. Bffects of grid systems and accelerating conditions on 
diffusion angles were studies as an expansion of the studies on beams 
already done in the filament type engines. As a beam diffuses almost 
linearly from the engine outlet, ion current density was measured by 
moving a flat plate probe horizontally to the axis through the center 
of the beam, mainly in the area where the distance in the axial 
direction is 30cm. Effects of different grid distances and hole 
sizes, and of ratio R between the net accelerating voltage (roughly 
equal to the beam voltage) and gross accelerating voltage (roughly 
equal to the voltage between screen and accelerating electrodes) were 
also studied for the cases where ions were accelerated in a two-grid 
system of screen and accelerating grids and where a third grid (for 
decelerating) was installed. Pig. 3.18 shows the typical distribution 
of current density. Prom this distribution, diffusion angle CC is 
obtained by 

«=Arctan{ rb— 2.5 )/3 0 ) 


with the radius rb cm which is 5% of the maximum value as the diffusion 
of the beam. Beam diffusion is smaller when R is larger, and also 
smaller with a three-grid system than with a two-grid system. Although 
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its support structure is complex, a three grid system is more 
advantageous in view of smaller diffusion and less spattering by 
exchange ions. Beam diffusion can be decreased by reducing the size 
of grid holes and space between grids and increasing R while 
maintaining the same beam voltage. When R is large, difference of 
diffusion angles between two grid and three grid systems is smaller. 


Fig. 3.18 Example of How Accelerating Conditions and Grid System 
Affect Beam Distribution 
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3.2.6 Measurement of Thrust 


Thrust is the most important performance value in any engine. In 
an ion engine# injected particles contributing to the generation of 
thrust are mostly univalent ions# and the amount of flow is determined 
by the beam voltage (to be exact# plasma potential of discharge chatriber 
close to the discharge voltage is added) as a beam current of uniform 
speed. In the ideal case where each ion speed is parallel to the beam 
axis and the ratio of univalent and bivalent ions is known# thrust 
can be determined by the beam current and voltage. As mentioned in the 
previous section# there is a thrust loss caused by ions' speed 
component perpendicular to the beam axis and the presence of bivalent 
ions# and thus# the actual thrust is smaller than the computed value. 

It is therefore meaningful to measure the thrust directly as a power. 
With an ion engine# however# thrust is small for its weight and it 
must be operated in a vacuum# which makes accurate measurement somewhat 
difficult. ’ In this section# a measurement method using a twist type 
balance and the measured results are discussed. As shown in Fig. 3,19# 
the arm of the balance is hung by a piano wire. An ion engine placed 
on one end is balanced with a counterweight on the other end. Power 
is supplied by soaking a power terminal in a mercury pot# placed for 
each channel# for allowing for free movements by thrust. The piano 
wire is twisted by thrust perpendicular to the arm# in the horizontal 
direction# turning the arm. The displacement of this arm thus caused is 
detected by a differential transformer. The displacement is cancelled 
by a reverse torque given by a magnet placed on the arm. By using such 
a aero displacement method# thrust can be determined by the electric 
current in the magnet. Coil current was adjusted using accurately 
measured weights instead of thrust. This was first done in the air. 
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However# in order to eliminate the effects of air current and errors 
caused by slipping of the balance in a vacuum# a method of hanging a 
weight by a fine thread which allows gravitational force to go towards 
the direction of thrust, shown in Fig. 3,20# was eventually employed* 
Three lOOmg weights were chained by a thread and sent out by turning 
the thread rod from the outside. By using this method# making 
adjustments during operation in a vacuum became possible and the 
measurement accuracy increased. Accuracy in adjustment is most 
affected by the angle cf the thread slipping from 45-angle , but 
corrections were made by measuring the actual angle using tran-jet(?). 
Pig, 3,21 shows the thrust# measured with an actual engine# plotted 
with respect to beam voltage. Smaller thrust at lower voltage is 
assumed to be largely due to diffused beams. 

It is also possible to indirectly measure thrust by placing a 
target instead of an engine on the balance. This method eliminates 
the problem of exposing the engine to air during adjustment of the 
balance. The target must be able to receive the entire beam# without 
any reflection# which resulted in a shape of a large cone. As the 
target was smaller than the diffused beam in the measurement of a 
light-weight engine# its siaa was increased for the EM test so that 
the entire beam would be received. The results with a light-weight 
Qugine are shown in Pig. 3.22. Measured values are smaller especially 
at lower beam voltage because the target did not receive all of the 
beam. Improved results ware obtained with EM# with measured values 
being 90-95% of the ideal at the beam voltage of 8G-1#400V. 
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3.2.7 Measurement of Electromagnetic Interference®^ 

Ion engine, because of discharging, has a possibility of 
radiating electromagnetic waves, intense radiation can cause faulty 
actions in other equipments on board and communication interference. 
However, hardly any measurements had been made thus far of electro- 
magnetic interference of ion engines, especially those of electro- 
magnetic radiation, and thus, there was no substantial reference data. 
It was therefore necessary to measure the electromagnetic interference 
and to establish the measuring method, as well as to make comparison 
with reference limit values and locate the source of electromagnetic 
waves before further development of the engines for ETS-III. 

Measuring instrument and its position, limit values and measuring 
method for electromagnetic interference are established in MIL-STD 
461A and 462. Although it is not possible to strictly observe the MIL 
standards, as ion engines are operable only in a vacuum(in a vacuum 
tank on the groun) , they should be followed as much as possible to 
obtain data which can be compared against reference limit values. 

Two methods were considered. One used an antenna placed inside 
a vacuum tank, and the other was measurement from the outside, by 
placing an ion engine inside a vacuum tank which permeates electro- 
magnetic waves. The latter was chosen for the following reasons: 
the vacuum tank currently in use was too small to accommodate the 
antenna specified under the MIL standards? exchanging antennas inside 
the tank was inconvenient; and reflection of electromagnetic waves on 
the inner walls of the tank affected measurement. 

Conduction interference is not a problem for an ion engine itself, 
as it is electrically connected to the satellite via power source 
device. Also, there is no possibility that the engine itself receives 


interference from electromagnetic waves. Therefore, electromagnetic 
radiation alone was measured. 

(1) Test device and measuring method 

Test device consists of an ion engine system test antenna, 
amplifier and spectrum analyzer. The device is outlined in Pig. 3.23. 
The engine system is a coiribination of PreEM ion engine unit and power 
conditioner. The engine is placed inside a sub vacuum tank of 
cylindrical glass, connected to the main vacuum tank. Inner diameter 
of the sub-tank is 30cm, length 50cm and the thickness of glass is 
7,5mm. Glass walls assumably absorbing almost no electromagnetic 
waves, measurement can be made with placed outside the tank. 

Measurement was for the frequency range of 0.15MHz to IGHz, 
using a rod antenna, biconical antenna and log spiral antenna. 
Preparatory measurement had confirmed that electromagnetic radiation 
between IGHZ to lOGHZ was sufficiently weak compared to the limit 
values under MIL-STD 461A. The three antennas were placed, one at a 
time, Im from the engine to the side. Signals received by the antenna 
were amplified and the frequency v/as analyzed by the spectrum analyzer. 
Maximum values of electromagnetic radiation obtained by CRT's residual 
light storage function v;ere taken as the measured values. 

An ion engine generally goes through a pre-heating state and a 
state of maintaining discharge before it reaches a beam acceleration 
state. In order to study electromagnetic radiation character j sties 
and to estimate the radiation source for each state, measurements were 
made in each operating condition. Power conditin ner was placed in an 
aluminiura shield box to reduce the effects of its own electromagnetic 
radiation. Power line between the power conditioner and the engine 
unit was covered with shield tapes, also to reduce radiation . These 
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measures were taken so that the radiation from the ion engine unit 
alone could he measured. 

In measuring interference, electromagnetic radiation is 
classified into a narrow hand (continuous sine wave) and a hroad hand 
(contains many waves in a set hand area) . Broad hand radiation is 
further divided into impulse type (phases of waves contained are even) 
and random type (phases are not even). The classification is based on 
the changes in power reception with the changes in the hand width 
analyzed by the spectrum analyzer. To a lO-fold increase in the 
analyzed band width, power reception increased by OdB, lOdB and 20dB' 
raspactively in the narrow hand, random type hroad hand and impulse 
type hroad hand. 

As measurements were made without using a wave shield room, the 
antenna received electromagnetic waves from the outside along with the 
radiation from the ion engine. Radiation from the engine was 
identified by comparing the distribution of electromagnetic radiation 
spectrum during operation and that during non-operation of the engine. 
Radiation from the engine was mostly of broad hand random type, with 
no strong, narrow hand radiation detected. 

(2) Measurement results 

Radiation distribution in the hroad band during beam acceleration 
is shown in Pig. 3.24. marks indicate data obtained hy increasing 
the spectrum-analyzed band width by 10 titaes that indicated by asteriks. 
Limit values of electromagnetic radiation according to the MIL-STD 461A 
are indicated by a real line as a retarence. Except for slight 
differa'^ces under iMHz, they mostly coincide. This indicates that 
electromagnetic radiation is actually of random type at over IMHZ and 
partially impulse type at under IMHz. Peaks occur at around 4MHz, 


- 51 ' 


SMHz and 15MEJZ. Outside these pealcs# the strength of radiation is 
below the limit values of MIL standards. It exceeds the limit by 
about lOkB around 6MHz and 15MHz, 

Pig. 3,25 shows the distribution of radiation in the broad band 
during pre-heating of the engine. Symbols used are the same as in 
Pig. 3,24. An ion engine is pr e-heat ed with main cathode and 
neutralizer heater currente and insulator heater current/ both at a 
low level. Discharge does not occur in pre-heating# which means that 
in radiating electromagnetic waves, the engine acts as a passive 
antenna that converts conduction radiation from the power conditioner 
into electromagnetic radiation. At under lOMHz, values indicated in 
the figure for the wider analyzed band width are about lOdB higher 
than the rest. This suggests that electromagnetic radiation in this 
frequency range is not a random tj^e but actually an impulse type. 
Normalized as an impulse type, the actual strength of electromagnetic 
radiation is about SO-lOOdSfiRT/m/MEIz. That heater current is a 5kHz 
rectangular wave alternate current and that radiation measured with 
.narrower width of spectrum-analyzed band contained impulses at lOKHz 
intervals indicate that this radiation is due to the heater current 
supplied by the power conditioner. Peak in the radiation strength 
appears around 6MHz also in pre-heat condition, suggesting the 
influence of the power conditioner. 

Fig, 3,26 shows the distribution of radiation strength during 
discharge. The peak around 15MHz, observed during beam acceleration, 
appears here also and is assumed to be caused by the discharge 
phenomenon. 




3.23_ Layout of Electromagnetic interference Measurement Device 



3*24 Electromagnetic Radiation in The Broad Band During 
Agg e ler at ion 
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3.3 Power Conditioner 


Power conditioner receives power from the power source system 
of a satellite# and generates, supplies and controls current and 
voltage required by the engine unit. In this section, necessary 
functions of a power conditioner and its test production in the 
research and development stage are discussed. 

3.3.1 Functions of Power Conditioner 

Power conditioner must receive DC power from the power source 
system of an artificial satellite, and generate and supply currents 
having various AC and DC voltage/current characteristics required by 
the engine unit. Pig. 3,27 is the block diagram showing the 
connections between the power supply and the engine unit. Table 3.2 
shows voltage/current characteristics of each power source. 
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3.3,2 Pre~Bngineering Model 


PreEM was developed as a way of sumitiariaing all the studies done 
on the power conditioner thus far. Objectives of the development 
were for the power conditioner to 1) completely control the engine 
unit and 2) satisfy interface conditions with the satellite. Prom 
the actual design point of view/ the objectives were as follows. 

1) Por each power source to have necessary and satisfactory 
functions . 

2) To reduce power consumption. 

3) To reduce weight while taking various mechanical environments 
expected on board into consideration. 

4) To prevent errors by taking countermeasures for noise# while 
taking electromagnetic compatibility on board into consideration. 

5) To improve engine starting characteristics so that steady- 
.state condition can be achieved in as little time as possible. 

Mainly out of noise consideration, the power conditioner was 
separated into a power source device which is a collective unit of 
•power sources and a power source control device which is the sequence 
logic unit. Appearance of the PreEM power conditioner is shown in 
Pig. 3.28. 
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g?aT 3 le 3,2 Electrical Specifications of Power Source Device 
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3,3.3 Power Source Device 


To obtain the voltage/current characteristics as shown in Table 
3.2/ power conditioner is consisted o£ 4 DC-DC converters and 5 DC-AC 
converters. As each power source uses a switching regulator# a 
master oscillator is used to integrate oscillation circuits for all 
power sources so that they do not interfere with one another. Design 
of the power source device is shown in Pig. 3,29. Each power source 
is explained below. 

(1) High voltage power source 

Once separated into a beam power source and accelerator power 
source# high voltage power sources were incorporated into one 
regulator generating power for both# in order to reduce weight. It 
is a IXH constant voltage power source and variable on command. 

Variable range is between 800V and 1#400V. Being a high voltage 
constant voltage power source# it has a protective circuit against 
beam current. It is a drooping characteristic whereby the voltage 
lowers when the beam currant exceeds 50mA, Accelerator current has 
SOk^ resistance connected in series which provides excess current 
protection. For protection against high voltage dielectric breakdowns 
which are thought to be caused by unstable plasma# it has a logic 
circuit which switches off high voltage and vaporizer power sources. 

As a similar phenomenon occurs whan the high voltage power source is 
on# a time constant is set so that it does not function in such a case. 

(2) Discharge power source 

Various methods for stabilising had been studied for this power 
source which directly controls plasma formed inside the engine. 
Constant current DC power source was employed# with its current 
variable on command for control of plasma density. Variable range is 
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0.3-0. 5A, With mercury as a propelXant, voltage was set at 60V at 
no load. Also/ feedback signals ware sent to ground level via VF-PV 
converter in order to be on the high voltage power source. This 
insulator amplifier circuit sometimes made errors depending on the 
discharge current waveform, and was later changed to an AM modulation 
method. It incorporates a feedback loop which controls the main 
cathode vaporizer power source in such a way that the discharge 
voltage stays constant, using the characteristic that this potential 
decreases when the flow increases. Control method is that of 
proportional control, with upper and lower limiters. Setting of the 
discharge voltage is variable on command. Pig. 3,30 shows the 
characteristics of the feedback loop. 

(3) Main cathode heater power source 

This power source is for heating the tip of hollow cathode to 
cause an emission of heat electron which becomes the starter of a 
keeper discharge. It has an idling level for pre-heating the engine 
unit, heating while discharge is being stabilized and for draining 
excess mercury inside the cathode when stopped. Its high level is 
for assisting the cathode when its characteristic deteriorates. The 
power source is a SKHz, DG-AC inverter of unstable type constant 
voltage with a current limiter. For efficiency purposes, it operates 
at a 50% duty at a steady load. Originally designed with a constant 
current, the^ power source incorporated these changed in order to 
simplify the circuit and to avoid use of unapproved parts. With the 
elimination of a complex control loop, structure was simplified and 
its weight was reduced, 

(4) Main cathode keeper power source 

This pcrtver source is for maintaining the keeper discharge of 
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hollow cathode. It is a DC power source of 300V at no load and 12V, 
SOOma,, at the rated load. Its voltage/current characteristic is shown 
in Pig. 3,31, This power source also switches to 50% duty for 
maximiaing efficiency. In order to produce the desired characteristic, 
the power source uses a transistor switch for selecting between the 
two different output both having a drooping characteristic. The 
switch replaced two sets of choke coils originally used, for efficiency 
and weight reduction purposes. 

(5) Insulator heater power source 

This is the power source for heating the insulator, to prevent 
mercury condensation around it. It is a 5KHz AC power source of 
unstable type constant voltage output, and it has a high level output 
for countering high voltage dielectric breakdowns in the insulator, 

(6) Main cathode vaporiser power source 

This is a heater power source for vaporising liquid raerciary. 

Plow of the propellant is controlled here. As mentioned earlier, it 
is an AC constant current power source with a limiter, controlled by 
the discharge voltage, Peedback loop for constant current is formed 
by squaring the current transformer signals by RMS/DC converter and 
taking the average value, 

(7) Meutralizer heater power source 

This power source is similar to the main cathode heater power 
source. The difference is that it has a filament mode instead of 
high level output. In this model, the ion engine has a hot filament 
in addition to the hollow cathode neutralizer for neutralizing beams, 
Por this reason, it has a relay for switching to large current. The 
filament was eliminated from EM on. 
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(9) Neutralizer vaporizer power source 

This is a heater power source which controls the flow of mercury 
to the neutralizer. It is basically the same as the main cathode 
vaporizer power source except that its feedback signal is the 
neutralizer keeper voltage and the sat values cannot be changed on 
command. 


Fig. 3.29 Structure of Power Source Device 
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3.3.4 Power source control device 

Power source control device has the function of controlling the 
power source device on command from the satellite. In this device, 
necessary power is internally generated, rather than received from 
the power source device. Mn functions are:l) to receive commands 
from the satellite; 2) to generate the sequence flow which switches 
on/off each power source inside the power source device necessary for 
engine operation; and 3) to communicate sequence conditions to the 
satellite. 

Each function is explained below. 

(1) Command interface un it 

This unit receives 4 discrete and 4 magnitude commands and 
generates signals required by the power source control device. 
Discrete commands are 28V DC signals which activate a latching relay. 
Magnitude commands are 16-bit TTL serial signals, and one of the 
commands is for selecting the engine operation mode. The unit also 
receives solar modulation signals. Commands are listed in Table 3.3. 

(2) Power source control unit 

Power soxuece control unit switches on/off each power source 
inside the power source device by running a sequence flow in response 
to each signal received in the command interface unit and the action 
of each power source in the power source device. The sequence flow 
is shown in Pig, 3,33. This complex flow was produced by 
incorporating a logic IC. The flow is modulated by clock pulses, but 
the clock stops during ’timer wait* and steady-state conditions to 
prevent errors by the engine noise. It is possible to use a VLSI 
such as micro CPtr, but there was no appropriate flight-proven product 
available at that time and thus an ordinary logic IC was used. 
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(3) SeqpJience status unit 

/ 

This unit converts ST signals which show the progress of the 
sequence flow and dielectric breakdown circuit from the power source 
device into binary signals of 8-bit each and sends them out as 
serial binary codes each totalling 16 bits. 


Table 3,3 PEM Commands 


Type Item Command 

Mode NE Mode Hollow cathode used in neutralizer HR=0 


selection* HE Mode Filament used in neutralizer NR=1 

OB Mode Beam injection OR=0 

OH Mode Hollow cathode operation test 0R=1 

CH Mtode Nominal level of cathode heater CR=0 

CH Mode High level of cathode heater CR=1 

IN Mode Nominal level for insulator heater IR=0 

IH Mode High Level of insulator heater IR=1 


SN Prohibit solar tuning SR=0 

SS Solar tuning mode ~ ' " SR=1 

PC Automatic continuation of 

sequence flow FR-0 

PH Stop seguence flow PR=1 


Execution Start 1 Start engine 

commands** Shut Off Stop Engine 

Idling Pre-heat engine 

. Continue C ontinue seguence (Start beam injection) 

Reference* Vn Beam voltage 

Id Discharge current 

Vd Discharge voltage 



* Magnitude commands 

** Discrete commands 



































3 «3«5 Measures for BEhertnal ^Tacuum 


High voltage area and other areas inside the power source device 
which are floated by high voltage were potted with epoxy material. 
Potting material was light weight, containing micro-balloons and with 
a specific gravity of 0.78, The switching transistor for large power 
source was installed on a heat sink which was thermally connected to 
the base plate, and other ICs with large calorific values were also 
thermally connected to the base plate. The frame, was coated with 
black paint on both sides, the back side especially for absorbing 
heat radiated from the substrate. In the absence of a suitable 
connector for the output source of high voltage power source and those 
power sources which become floated, a flying lead wire was soldered 
to the high voltage terminal. 

3.3.6 Countermeasures for Noise 

Emphasis was placed on lowering transmitted noise. Ripples, 
caused by switching, were reduced in the power line, except in AC, 
from the power source device to the engine unit. This was done by 
adding a condenser and choke coil to the output, a task requiring 
caution due to weight factor. In the power line from the satellite, 
a filter was placed at the entrance to the frame to prevent reverse 
flow of noise. As mentioned earlier, the sequence flow was modulated 
with the clock, with stops during timer wait and monitor modes to 
avoid errors in the power conditioner, 

3.3.7 Mechanical Structure 

Mechanical structure was not given major emphasis. A simple 
structural analysis was made. 
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3.4 Stab-system^) 


« 


in an ion engine system, interface between tlie engine unit and 
the power conditioner and between the satellite and the engine system 
are the major consideration. Here, improvements made on each 
interface and tests performed are discussed. PreEMs of the engine 
unit and power conditioner were used. 

3.4.1 Heat Design Around Main Cathode Vaporizer 

The problem here was that due to an insufficient temperature 
increase in the main cathode vaporizer, engine did not operate within 
the rated heater power. As countermeasures, 1) lower flow pipe in 
the vaporizer was extended in attempt to gain as much heat resistStnce 
as possible, and 2) a heat shield was installed around the vaporizer 
and insulator in order to cut the loss due to heat radiation. On 
the power source side, maximum rated power of the vaporizer heater 
power source was increased from 4W to 7W, These measures successfully 
eliminated the problem, in addition, some modifications ware planned 
inthe sequence flow at the start of the engine for the development 
models. 


3.4.2 Stabilization of Mhin Discharge 

Thera were two problems. One was that discharge sometimes became 
intermittent, causing much difficulty in beam injection. The other 
was that this caused errors in the discharge power source, For the 
latter, it was discovered that errors occurred in the feedback signals 
for converting the power source into a constant curre/ft power source 
which are insulated by VP-FV converter, especially when the frequency 
of discharge waveform approached the modulation frequency, and 
incorrect output was resulted. To eliminate this prdblem> AM 


- 69 - 


modulation was employed instead. Cause for the former problem was 
estimated to be that the plasma impedance in the discharge chattiber 
became a negative resistance at the beginning of discharge/ which 
resonated with a smoothing capacitor in the power source output. To 
prevent it, output impedance need only to be changed from capacitive 
type to inductive type. For this purpose, capacity of the smoothing 
capacitor was reduced from SOfnF to l,5(iP and choke coil was increased 
from 1.2mH to 15mH. Main discharge was completely stabilized by 
these measures. Main discharge power source consumes much power, and 
its stabilization without power loss was a significant accomplishment, 
contributing greatly to the subsequent development efforts. 

3,4.3 Improvements on Transient Response 

The problem was two-fold. First, transient response characteristic 
of PSl made the engine inoperable. Mesct, there was a possibility 
that the currant rise characteristic and peak current expected to be 
required by the ETS-III power source system were exceeded. 

Inoperable engine conditions occurred at the closing time of 
high voltage. It was because regulator characteristics caused the 
maximum voltage to be applied, and it was applied too fast, causing 
a high voltage dielectric breakdown or disappearance of main discharge. 
Beam injection was impossible under these conditions. Improvements 
were therefore made in the way high voltage was applied, so that it 
would rise rapidly until it reached 800V -where plasma around the 
grid stabilized and then slowly increased to the desired level. The 
rise was set also not to exceed the input currant increase 
characteristics rei^ired by the satellite. Discussed next are the 
current rise characteristic (about 100,000 A/sec) and the peak current 
(5A) expected tp be req[Uired by the satellite. Possible situations 


in which they may he exceeded are during bus line closing time and 
main discharge ignition. Both were exceeded at the bus line closing 
time# as capacitors on the primary side of each power source were 
charged. In order to correct the situation# it was necessary to 
install a chohe in the input unit as well as to send the current via 
a limiting resistance during input. As this was structurally 
difficult in the EM# it was planned to be incorporated into design 
from the development model on. At the time of main discharge ignition# 
the problem phenomenon was that of the peah current exceeding 5A when 
the main cathode keeper ignition and main discharge occurred at the 
same time. Especially in the PraEM engine# elimination of this 
phenomenon was absolutely necessary because all ignitions were 
simultaneous. The answer was to limit the main discharge currant. 

For this purpose# high-speed cxirrent-limitiiig circuit was added to 
the primary sa,de of discharge power source to maintain the peak 
current under 5A. However# depending on the time constant chosen# 
this circuit sometimes caused a parasitic oscillation in the switching 
regulator# creating a condition Where control was impossible (PM) At 
this point, however# it did not become a problem. 

3.4.4 Protective Logic 

Neutralisation failure due to a high voltage dielectric breakdown or 
neutraliser failure could become a serious problem not only in the 
engine alone but for ti?e satellite. Protective logical circuit was 
necessary for this reason. Its useage# however# involves soma 
difficulties. High voltage dielectric breakdowns can occur between 
grids by unstable plasma# a short-circuit due to flalces generated 
inside the engine, or by an internal breakdown of the insulator, A 
common countermeasure for these occurrence is to drop the high 
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voltage power supply. However# transient excess currenb flows at 
the closing time of high voltage power source, at which time such 
protective logic need to be prohibited, in view of the flow rate, 
prohibition time was set to be one second. Neutraliser breaJcdown 
mode, incorporated into the logical sequence inside the power source 
control device, could also be effective in the hardware inside the 
power source device. Although not realistic in PreEM, it was planned 
to be incorporated in the EM and subseqiaent models. 

3.4,5 Countermeasures for Noinse in the Logical Control Circuit 

Despite the measures taken, errors occurred in the logical 
sequence circuit inside the power source control device. They occurred 
during ignitions of neutraliser hollow cathode, main cathode hollow 
cathode and main discharge, and high voltage dielectric breakdown. 

The cause is the large amount of energy released at the start of 
discharge. To reduce the energy# it would be sensible to reduce the 
capacity of the output capacitors of power sotarces involved in the 
discharge so that not as much energy would be released. The parts 
having been potted, the PreEM could not accommodate such a measure. 
Also, insulating the power source and signal lines would prevent 
noise in the power source line from interfering with signals, which 
was another measure difficult to be taJcen at this time. TIius, both 
were planned to be reflected in the designs c£ later models. What 
was possible in PreEM was to add a resistance and capacitor in the 
signal line as a filter in the power source control device. This 
accomplished a fair result, reducing errors by noise. 

Table 3.4 shows a summary of problems in the PreEM and 
countermeasures taken. 
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Table 3.4 Problems in PreEM and Countermeasures 


Problem 


Countermeasure 


Heat design 
around civ 


•Engine inoperable 
within the rating 
due to insuffi- 
cient temperature 
increase in 
vaporizer. 


1) Pipe on the lower flow side of 
vaporizer esctended and heat shields 
installed on vaporizer and insulator. 

2) Maximum rated power of PS 6 
changed from 4W to 7W, 

3) Sequence control flow changed 
(electrical and thermal matchincr) 


Stability 
oE main 
discharge 


•PS3 sometimes 
caused errors 
when discharge 
was unstable. 

•Occasional inter- 
mittent discharge 
caused impossible 
beam injection. 


4) Insulator amplifier circuit 
changed (from VP/PV exchange method 
to AM modulation method) . 

5) Output filters of PS3 matched 
(I,-1.2mH, C=50p , F-^r.=15mH, C=l,5ftF). 


Transient •Iin>5A, dlin/dt> 

response IQSa/S when lES 

power supply 
thrown in. 

•lin >5A at main 
discharge 
ignition. 

•Dielectric break- 
down when high 
voltage is thrown 
in^ 


6) Choke and switch- type dumping 
resistance added to bus line. 


7) Past-response type current limiting 
circuit added to the primary side of 
PS3. 

8) PSl/2 thrown in slowly. 


Protective ‘High voltage 9) Recycle protective logic prohibited 

logic dielectric break- at PS 1/2 closing time only and. setting 

down protective value between current limiters changed, 
logic and grid 
system transient 
response incompatible. 

•Reliability of 10) Protective logic for fast-response 
protection of added/ to result in a redundant system, 

neutralizer break- 

down mode. 


Logical 

control 

circuit 


•Faulty actions at 
ignition of 
neutralizer, 
cathode and main 
discharge, and at 
dielectric braak- 
dav'n. 


11) Capacity of output condensers in 
PS3, 5 anl 8 redtGed(l/3 to 1/30) . 

12) R and C added to signal lines of 
command interface to counter noise. 

13) Clock stop circuit added (after 
high voltage thrown in). 

14) Power source line and signal line 

insulated. 


Table 3 . 5 Typical Performance Values of PreEM Ion Engxne System 


SOtR VoU«ft 
BejtR Current 
AtcvUretor Voitxct 
AccbUrntor Current 
Oitehtrxe Volteie 
OLsch*r|e Current 
CichPde Rtcper Votta£e 
cathpdf Ktiptr current 

Cirhade Vtporitur Valcext 
Cathode Vaporizer Current 
Heumliter Xeiper Vottet* 
Heuertllzer Xeeper Current 
Neutralizer Vaporizer Voita^e 
KcucraUter Vaporizer Current 
Isolatcr Voltafe 
Isolator Currant 
Thruster Input Pover 
I£S Input PoHer 
Thrust 

Specific Impulse 
Hrse Flow Rate 

Propellant Utilization Factor 
ton Production Cost 
Cnartir Efficiency Jh»Vn/Piti 
OveraU Efficiency 


Dfev/ion) 540 
Xt 0,31 


L HixImur 
l»< 

1»4 

0,4 

40.0 

O.SOO 

13.2 

0.33O 

2.ZS 

1.30 

21.5 

0.275 

0.7 

0.4 

3.0 

1.0 
td.3 

I2t 

0.217 

kJ 031 

•*0.34 

nO.Bl 

543 

0.40 

<4.33 


3.34 Operating Time History (PreEM) 


OF, FOOK QUAL6W 


lES Operating Time 



10 12 
1978 


12 2 
1979 


Integration Teat 


100 hra 
Cent Tell 


Kollou’ Cathode A 


llieraal Vac. CompitlbtHty Ccmpatlblllty 

Teat (Electfical) (Thermal) Vac. Teal 

CCotiooqua) ^ 

A C B 


3.4,6 PreEM Tests 


With improvements descrihed in the preceding sections made, 

PreEM reached a fairly satisfactory performance levelf^ Thermal 
vacuum test, loO-hour continuous test and 100 repetition test^) were 
given. Fig, 3.34 shows the operating time history under these tests. 
Accumulated test hours reached over 1,000 hours. Typical 
characteristics and performances are shown in Table 3,5. 

(1) Thermal vacuum test 

This test was given at the mount surface temperature of 20-55C, 
The reason was not only the limitation of the test device but also 
to find out how each internal part in the power conditioner held out 
at high temperature. The temperature was increased to the maximum of 
5SC, and stability was maintained without such problems as breaking. 

(2) 100-hour continuous test 

The test was given on the assumption that the satellite was on 
the full sunshine orbit. Operation was continued after lOOhours, but 
halted after 120 hours due to problems in the test device. Ion engine 
system itself was stable, with no signs of trouble. 

(3) 100 repetition test 

On the assumption that the satellite rotates around on a 1,000km 
orbit, repetitions of 70-minute operation under sunshine each followed 
by a 35-minute rest were performed. A fuse was blown on the primary 
side of the neutralizer vaporizer power source in the early stage, 
but the heat input from the neutralizer cathode was large enough that 
operation was continued. With one time exposure of the engine to air 
for inspection after 76 cycles, 100 repetitions were completed 
successfully. 

As a result, it was found that there were some problems in the 
heat design around the neutralizer* 
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3,4.7 Development Support Systems 


With operation in a vacuum so central to ion engines# a vacuum 
chatriber was a mandatory test device. Especially in the system test, 
both the engine and the power supply system needed to be placed in a 
vacuum, regui^i^iQ’ the device to be so equipped. However, operating 
the engine for the purpose of checking the power source system not 
only increases turnaround time but makes it difficult to concentrate 
on either the engine or power system. Here, an ion engine simulator 
used for this reason, as well as the vacuum chamber for system tests 
and the test monitor system, are eixplained. 

(1) Ion engine simulator^) 

Ion engine has two principal characteristics based on its 
operating principles: one is the plasma characteristic and the other 
is thermal characteristic which affects the engine's propellant 
supply. Because of its response speed,* 'plasma cannot be simulated 
by ordinary electronic ciruits. However, a model load could be used 
for simulating a steady-state condition, and simulation of transient 
response seemed possible to an extent by use of a discharge pipe. 
Also, thermal response, model of which was easily made, because of a 
long time constant, was used in determining the steady-state plasma 
load. A micro-computer was used for calculation and the resulted 
load was a dynamic load with a transistor. This greatly shortened 
the power source development process and also played an important 
role in determining a heat model of the engine, 

(2) Vacuum chamber'^) 

Vacuum chamber is shown in Fig. 3,3 5. With the system test 
requirements in mind, a shield room was installed around the sub- 
chatribar to facilitate measurement of magnetic noise. The sub-chamber 
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also had many ports to facilitate installation of various feed-through 
items. The chaniber itself had an effective inner diameter of 800mm 
and effective length of 2/ 500mm, and 2 liquid nitrogen shrouds, and 
its target part, with a fin planted at 45C, formed a molecular sink. 
Exhaust speed was 2,500t/sec. in the sub-chan£ber, and the degree of 
vacuum reached using liquid nitrogen shrouds was 10"^ Pa. The same 
device was later used in the subsystem tests of ion engine systems 
developed after EM. 

(3) Monitor system^) 

As mentioned earlier, an ion engine system has a complex sequence 
control and protective logic, and thus it is possible to operate as 
a completely independent system. T^en the whole system is in a vacuum, 
its conditions can only be known by telemetry data, A monitor system 
v/as therefore developed to obtain data and observe the engine system. 
With this system, unmanned operations over long periods of time 
became possible for the first time. 

These support systems played important roles in the later 
development. The vacuum chamber, in particular, was used all the way 
to the sub-system testing of the flight model. 
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Chapter 4 ; Design and Development Teats 


4«1 Specifiaations 

Design specifiaations of ion engine system are given in the 
Development Specifications (NASDA-ES PC-41) and in the Specifications 
for Engineering Test Satellite III Interface Management (NASDA-ESPC-71) . 
In these specifications, efforts were made to avoid duplications in 
order to simplify revisions after enactment: Development Specifications 
emphasize performances of ion engine system itself; and Specifications 
for Interface Management contain all neat., ary interface information 
while allowing satellite technicians to treat ion engine system as a 
black box. Development Specifications were written to serve as a 
reference guide for possible future use of ion engine system in the 
subsequent satellites as well. 

Although technical management of the system was provided by the 
National Space Development Agency, ion engine unit was produced by 
Mitsubishi Electric Co, and Tokyo Shibaura Electric Co. (Toshiba) was 
in charge of power conditioner as well c ir.:3orporating the syfitem. 
Therefore, in order to clarify the scopes* of specifications, ion engine 
unit specification was treated as a supplement to the Developmen 
Specifiaations , 

Designing ion engine was based on this Development Specifications, 
incorporating, for details, the test 'results of development models 
for finalization . 

Summary of finalized specifications is given below. 

4.1.1 Ion Engine System 

Ion engine system (hereafter referred to as IBS) will consist of 
engine unit (hereafter referred to as lEE) and power conditioner 
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(hereafter referred to as IBP) . XBP will consist of power source 
device (IP) and power source control device (IR). Q?ha structural concept 
is shown in Pig. 4.1. IBS, in other words, consists of 2 lEEs, 2 IPs 
which supply power to each IBB and 1 IR which controls IPs. 

Components of IBS and their functions are shown in Table 4.1 and 
Fig. 4.2. 

Required performances of IBS are given in Table 4.2, Weight 
distribution is shown in Table 4,3. 

OF POOR QUAUTV 



Fig. 4.1 Structure of Ion Engine System 






V -V 


Table 4^1 Diagram of lES Components 




i 


I 

CD 

to 

I 


lES — — 

(Ion Engine System) 


lEPi 


lEE #1 
lEE #2 


IR 


IP #2 


IP #1 


DC power supply unit 

■ Telemetry switching unit 

Sequence status unit 

Power control unit 

Command interface unit 

- Same as IP #1 

Monitor circuit 

Master oscillator 

Protective logical circuit 

Telemetry exchange unit 

auxiliary power supply 

Insulator heating power source 

Meutralizer vaporizer power source 

Msutralizer keeper power source 

Keutralizer heating power source 

Main cathode vaporizer power source 

Main cathode keeper power source 

Main cathode heating power source 

Discharge power source 

Accelerator power source 

Screen grid power source 
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- 4_t_2.. Diagram of lES Punations 
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( 


lEE #2 


Connector 


ETS-a* IBS 

system 


1. Bus power 7. Bus power 

2. Power control signals 8. Monitor signals 

3. Monitor signals 9. Telemetry 

4. Telemetry 

5. Reference voltage 

6. Power control signals 





Table 4,2 Required Performance of lES 
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Item 


Required value 


Thrust 

Specific impulse — 

Mass flow — — — — 

Propellant efficiency 

Propeller power efficiency - 
Power consumption: 

engine unit 

power control device 

power source device 


Jt * 0.1 8 ±0,0 3 ff 

Hi ^ ;;tl 2000±20Qsec 

JfE ® C 1±0,2S )xi 0"* ffr/seo 

70±10'6 
4 4±s^ 

id k ^ 11 0 0 WOT 

a: 6 8 WOT 

-S' SWOT 
® $1 Si 4.2 7WOT 


Table 4.3 Weight Specification of lES 


Item 
L lEE 


Quantity , Maximum 
JL| |i__ wt . (kg)_ 


3 X 2 = 6 


1 2. I13P 

1^ 

2.1 IP 

l-fe' 

2.2 IR 

2^ 


Remarks 


Includes wxre harness 
& 600g mercury 


Consists of 2.1 & 2,2 


Includes wxre harness 


2-t &7 0x2=1X40 (Includes wire harness 


Total I 2 3.0 6 



















4.1.2 Engine Unit 


The shape and the center of gravity of lEE Unit #1 are shown in 
Pig. 4.3. Unit #2 will of the same structure, with the wire harness 
and permanent magnet inverted. This is because the two are installed 
symmetrically on the satellite. It also serves to iff set residual 
magnetism. 

Overall performance requirements will be as shown in Table 4.2, 
Item-by-»item requirements are shown in Table 4.4. 


Table 4.4 Engine Unit item-by-Item Specification 


* 


Less than 1 
Less than 1 


Ufeight (per unit) Less than 3kg(including 600i60g mercury weight) 

Shape & dimensions See Pig. 4.3 

Capacity of vaporisers of main hollow cathode and neutraliser hollow 
cathode for holding liq;uid mercury 

lx 10"°g/sec (10kg/cm2 pressure and under 
ordinary temperature 

Leakage 

•Tank assetriblys 
'Vaporiser joint: 

Withstand voltage 
•Insulator: Over 3 kVDC 

•Electrode assembly: Over 3 kVDC 

•Main hollow cathode keeper: Over 1 kVDC (in vacuum) 

•Neutralizer hollow cathode keeper: Over 1 kVDC (in vacuum) 
Temperature measurement - Temperature should be measurable at the 
following locations. 

•Tank: -40'C +150'C 

•Engine unit: -40t! +130C 

•Main hollow cathod vaporizer: 0U''^+400*C 

•Neutralizer hollow cathode vaporizer: 0'C'^-t400C 

Heater characteristics 

Heater ______ I DC resistance at 20*C ( Temp. Coefficient 


X lO^^atm cc/sec He 
X 10“’atm cc/sec He 

(in vacuum) 

(in vacuum) 


Main cathode heating heater 10,425*0.05 
Main cathode vaporizer heater 1.62i0.1S 


(-A) 


Insulator heater 
Neutralizer vaporizer heater 
Neutralizer heating heater 


2.S4d:0,2 
1.62*0,15 
0.425±0.05 


4.9xl0“y 
3 . 5x10"^ 
5.7x10“'^ 
3.5x10“4 
4-9x10"'^ 


(P-Zdeq) 


*Values of temperature coefficient are the nominal values. 
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Fig. 4.3 Shape and Dimensions of lEE(l) 


IEAP7 


1£AP8 


lEAPS 


1EAP6 


I3L4±2 
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4.1»3 Power Source Control Device 


Power source control device is the interface of satellite and lES: 
It receives commands to run and control power source device/ and sends 
telemetry signals to the satellite telemetry encoder. 

(1) Shape 

Shape and the center of gravity of the power source control device 
will he as shown in Pig. 4.4. 

(2) input 

i) Input voltage: 28 

ii} Signals : 

. 9 discrete commands and 4 magnitude commands/ shown 

in Table 4.-5/ will be received. Commands will be as 
specified in Section 4.1.5. 

Clock signals and enable signals will be as 
specified in Section 4.1.5. 

The device will also receive monitor signals shown 
in Table 4.6 and determine load conditions of the power 
source device, i.e. engine conditions. 

Telemetry signal input will be as specified in 
Table 4.7. 

(3) Output 

i) Power; 

Connections to bus lines will be controlled by 
discrete commands lES OIT, IBS OFF, lONl and IOIT2- 
ii) Power source control signals : 

OM/OPF signals, level signals and reference signals 
shown in Table 4.8 will be sent to power source device 
to control each povrer source module. 
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Output of te3,emetry signals to the satellite 




encoder will be as specified in Table 4.9, 
iii) Sequence control program: 

In response to each command^ control signals will 
be sent to power source device according to the logical 
flow shown in Pig. 4.5 and Pig. 4.6. 


Table 4.5 Commands 


No. 


Code 

Type 

1 

Bus line to ion engine system ON 

lES ON 

' 


2 

Bus line to ion engine system OPP 

lES OFF 



3 

Bus line to power source device 





in engine unit 4rl ON 

ION 1 



4 

Bus line to power source device 





in engine unit #2 ON 

ION 2 


" Discreet commands 

5 

Start ion engine system 

START 



6 

Shut off ion engine system 

SHOT 



7 

Run ion engine system idle 

IDL 



8 

Activate hollow cathode 

ACT 



9 

Continue sequence flow 

CONT 

> 


10 

Change accelerating voltage 

XI Vtj 



11 

Change discharge current 

X2 Id 

1 

^ Magnitude commands 

12 

Change mercury flow 

X3 Vd 



13 

*Select mode 

X4 

J 



*Mode selections are shown below. 


Code 

Mode 

Code : 

Meaning 

OR • 

Selection of IPS operation mode 

OB 

Beam injection 



OH 

Hollow cathode operati( 

CR 

Selection of main cathode 

CN 

Nominal level 


heating level 

CH 

High level 

IR 

Selection of insulator 

IN 

Nominal level 


heating level 

IH 

High level 

PR 

Selection of sequence flow 

PN 

Automatic continuation 



FK 

Stop seqpaence flow 
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Tabe 4»6 MonifcoK Signals 


0[^ FQSv- 


,- - rt .; f , 

': -t' u 


C 


- r-, r. 



Monitor signal 



Signal Name 


V 

Main cathode 
keeper current 
monitor 

icKm ^ 

IcK>0,lA 

IcK<0.lA 

L 

H 

Neutralizer 
keeper current 
monitor 

, , ■!■«**— ''fS 

InIC>0.l2A 
I nK<0.1 2A 

L 

H 

Discharge 

current 

monitor 

I dm 

Id >0.2A 
Id <0.2 A 

L 

H 

Dielectric 

breakdown 

monitor 

HVBDm 

HVBD=0 

HVBEbiO 

L 

H 

! 


Note) *10% error is tolerated in current values. 


Table 4.7 . Telemetry Input Signals 


Beam voltage' 

Beam current. 

Discharge voltage 
Discharge current 
Accelerator current' 

Main cathode keeper current • — 
Neutralizer keeper current- 



Main cathode vaporizer current 
Neutralizer vaporizer current- 

input current.— — 

Main cathode heater power 
Neutralizer heater power-— / 

Main cathode vaporizer temperature^ 
Neutralizer vaporizer temperature..''0| 
Power device heat sink temperatur^-^! 
Vaporizer standard temperature 
Number of dielectric breakdowns 


Range of 
output voltage 


tTo. 

Item 

Code 


Remai 

1 


Va 

D-S V 


2 


ift 

0-S V 


3 


Vil 

0-SV 


' 4 


u 

0-^S V 


- 5 



O-'S V 


6 


lek 

O^S V 


7 


I nk 

0-^S V 


3 


!«v 

0-5 V 

1 / 

9 



0 — 5V 


1 0 


^ J n 

0 — 5 V 


1 1 


Prh 

0-5 V 


1 2 


Pnh 

0-5V 


1 3 

£KEiS<tJSiUG 

Tcv 

0-SV 


t < 


Tbv 

0 — 5V 


1 S 


Th» 

0-5V 


t « 

iMtzsmuK 

Tree 

0-5V 


I 7 


wvcwtr 

h: ttsvitisvi 
k: 1 0 v±i.5v 

Digii 
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Table 4,8 Power Source Control Signals 


Screen grid current 


Syinbol ITattie 


Signal 

level ou/opp signal 


Level signetl 
Level OW/OPpST" 


PS2 ffXit 

- 

- 

ON 

OPP 

H 

t 

PS 3 Discharge 

- 

- 

ON 

OPP 

a 

i* 

Main cathode 
heater 

Lo 1 
U.UHeL 

H 

H/L 

ON 

OPP 

H 

1 

Main cathode 

PSS , 

keeper 

- 

- 

ON 

OPP 

U 

L 

Main cathode 
vapor rser 

“ 

- 

ON 

OPP 

H 

L 

pg, Neutraliser, 
heater 

I.L/ 

N.L 


ON 

OPP 

K 

t 

Neutraliser. 

keeper 

- 

- 

ON 

OPP 

H 

L 

pgj Neutralizer 
vaporizer 

- 

- 

ON 

OPP 

H 

L 

PS 10 Insulator 
heatjsr 

N.L/ 

H.L 

H/L 

ON 

OPP 

H 

L 


N.t(NwnlMt L«b^|) 

H*L<HtEh l4vel) L.t^CldlinC Level) 


Remarks 


1 


Voltage 
l:o2± ‘ 

02V 
H.e-fCV 

n* 2V 


(a) Level signals / ON/OPP signals 


SVtiibol 

Name 

Voltace ranee 

Vn 

Accelerator 

Less than 5.5VDC 

Id 

Discharge current 

Less than 5.5VDC 

Vd 

Mercury flow 
(discharge voltage) 

Less than 5.5VDC 


(c) Reference signals 
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Table 4.9 Telemetry Output Signals Output 


No. 

Item 

Symbol 

— voltage - 
range 

p-Sampling -i 
speed 

1. 

Beam voltage 

Vn 

0^5 V 

1 /I 

2. 

Beam current 

JB 

0-5 V 

1/1 

3. 

Discharge voltage 

Vd 

0-5 V 

1 /I 

4. 

Discharge current 

Id 

0-5 V 

1 /I 

5. 

Accelerator current 

Ia 

0-5 V 

1/8 

6. 

Main cathode keeper current 

lek 

0-5 V 

1 /I 

7. 

Nuetralizer keeper current 

1 nk 

0-5 V 

1 /I 

8. 

Main cathode vaporizer current 

lev 

0-5 V 

1 /I 

9. 

Neutralizer vaporizer current 

I n V 

0-5 V 

1/8 

10. 

Input current 

I i n 

0-5 V 

1 /I 

11. 

Main cathode heater power 

Pch 

0 — 5 V 

1/8 

12. 

Neutralizer heater power 

Pn h 

0-5 V 

1 /8 

13. 

Main cathode vaporizer temperature 


A ^ S V 


14. 

Neutralizer vaporizer temperature 

i C V 


i ^ O 
t / B 

15. 

Power device heat sink temperature 

Tn V 

•0 5 V 


16. 

Vaporizer standard temperature 

Thi 

0 — 5 V 

1 /8 

17. 

Accelerator voltage set value 

Trtf 

0-5 V 

1/8 

18. 

Discharge voltage set value 

RVn 

0-5 V 

1 /8 

19. 

Discharge current set value 

RVd 

0-5 V 

1 /a 



Rid 

0-5 V 

1 /8 


(a) Analog 


1. 

Status 

telemetry 

ST 

L : 0. 5 i a 5 V 
H : 1 ot i.s V 

1 /I 

2. 

Number 

of dielectric breakdowns 

HVCNTR 

(same) 

1 /I 


(b) Serial digital 


No. 

Telemetrv item 

Siqnal form 

Determining 

value 

1. 

Bus line ON/OFF 

Bi-level 

1/0 

2. 

Engine Unit #1 ON/ engine Unit #2 ON 

M 

II 

3. 

Beam injection/hollow cathode operation 

II 

II 

4. 

Main cathode heater nominal/high levels 

II 

II 

5. 

Insulator heater nominal/high levels 

II 

II 

6. 

Sequence flow automatic continuation/shut 

II 

II 


(c) Bi-level 


c - 
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4. 1,4« Power Source Device 


Power source device supplies 10 power systems to tlie engine unit. 

(1) Shape 

Shape and the center of gravity of the power source device will 
be as shown in Pig. 4.7. 

(2) Input 

, + 0.22 

i) Input voltages 28 „o.78 

ii) Signals s 

ON/OFP signals, level signals and reference signals 
from power source control device (see Table 4.8) will be 
received. 

(3) Output 

i) Output voltage, current, output stability and ripple: 

As shown in Table 4.10. 

ii) Response properties and set values for excess current 
protection : 

As shown in Table 4.11. 

iii) Monitor outputs 

As shown in Table 4.6. 

iv) Dielectric strength and insulation resistance; 

Dielectric strength of output transformer will be 
over AC 2.1kV, with the exception of over AC 2.83kV for 
PSl and PS2, Also, insulation resistance of output 
transformer will be over 201/Lji (measured by DCIKV megger) 
for PSl and PS2. 

v) High voltage dielectric breakdown protection circuits 

As shown in Pig. 4.8. Nuttber of dielectric break- 
downs will be sent to power source control device. 
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(4) Temperature telemetry 

Temperature telemetry, shown in Table 4.12, will be sent to the 
telemetry encoder via power source device. 









270±aB 

250±ttl . 

230±2a 
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+ 0 .; 
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(1PBJ7) 


124.7±20 


Nameplate 
(power source device) 


(30) , (65) 





Cl^ 

'(«) 1 


length of 
i^^ lead ^ 
t wire j2 



\IPAJ6 \1EAJS 
(IPBJ6) CIFBJS) 


Connector Length of lead wire 
sytriaol (nominal value) 


1PAJ5 

64 0 

1 PA J6 

6 00 

IPAJ7 

4 80 

IPAJ8 

4 00 


Connector Length of lead wire 
symbol (nominal value) 


IPB J5 

5 1 0 

IPBJG 

4 60 

IPB J7 

820 

IPB JS 

GOO 


Note: Values in ( )are 
reference values. 


gjq. 4.7 Shape and Dimensions of Power Source Device 
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Table 4.10 Power Source Spaaifications (1) 


Voltage 


Povrar Peak ripple (%) 


Level 


Power source 


Screen grid 

Accelerator 

grid 

Discharge 

Main cathode 
heatsj^ 

Main cathode 
keeper 

Main cathode 

I vaporizer 

Neutralizer 

heater 

Neutralizer 

NautrafiSar 

vaporizer 

Insulator 

heater 


1 

ID 

1 


P5I 


PN2 


PB3 


PS4 


?Ba 


PSfi 


PSt 


PS« 


PSd 


PS 10 


PSHv 


PS4 


PScIi 


PScfc 




PStoh 


PBpk 


PS(IT 


PSil 


» pat# 




4 At K to It # 


, K.U 
# 


^ life « ^ It 2S fll 


a fla « H 




^ # B ft) M # 


S: 


N*L 

if^L' 


M.L 

ir,T 


W,L 


Hrh 

‘Hir 

r*r 


MtL 




! >t4 


H»U 


IS + - 1 


S»L 


M.L 


N • It 
HtL 


Current 

j /Type 

mirri 


1 i;» 

T«iT 


-ut 

-mkT 


4 0V 
"41V 


6V 

'*Tv 

MV 


ISV 
30 oV' 


3.5V 


5V 


I.(IV 


24V 


300V 


2.BV 


JtV 

sv 


3 0mA 
35^iiA 


ImA 

liT 


0.33 A 

o3"a 


5A 
' OA 


0.3A 

“sliT 


2A 


2.SA 


0.25 A 


SmA 


I.5A 


MA 


30W 

“‘rw’ 


IW 

75if" 


MOW 

227V 


2SW 


3fiW 

"Iw 


■4 AC 


4.5W 

It?” 


^sw 

4W 


MW 


XOW 


3VV 

aw 




fcM- 


DC 


DC 


DC 


DC 


AC 


AC 


DC 


AC 


AC 


xs 


Regulation 

j Control range 


i^y 


± 2 


± 2 


i 5 


— 

M M « a 


«0« - USD V 


0.3-O.SA 


o-s~*A 


D.5-fc2Amv-? 


Remarks 


Regulation applied for beam current of 
20-35mA. Ripple at rated load. 

Changes with set voltage of PSl. 

Ripple at rated load. 

Ripple at rated load. 


Output characteristics shown in Pig, 3-5. 
Ripple at rated load. 

Output characteristics shown in Pig, 3-5. 
Gain: O.SA/V? Discharge voltage: 35-45V. 

Output characteristics shown in Fig, 3-5. 
Ripple at rated load. 

Output characteristics shown in Pig. 3-5. 
Gains 0.2AA^? keeper voltage set at 22-24V, 


• H.LiXHOKIHAL LBVEL)H>I.(HAXtUMLEVCk)ll .LOIICII LEVEL )l .ECIDLUIG LEVEL)S«L(START LEVEL) 
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PS a T f 

Discharge ps a psd » x « at^usmi^cF 

Main cathode heater ■ ps * pseh m « ft m - 
Main cathode keeper ps s pscic awe* »|aofi»iscp 
^in cathode vaporizer ps s ?ser £»aA<bsx « 

Neutralizer heater ps 7 p^ » « b a m x cii 

Neutralizers keeper ps a psmc <p»S‘t>-''<xfl! 

Neutralizer keeper ps 9 psnv '«x« 

Insulator heater Psto psi. e k is » » x h 


mism 

XmiAldtlCitKfii/ 

^ ft ^ 


V‘oxt:acre . 


IS0ni(«CF 

* 

iT 1. 

- 

m 

m 

riSmi^CF 

- 

x«nstt»± 2 

- 

“ 

- 

;iOfi#yrF 


i-C 1. 


PS 7 PSBh »«BaMX» 

PS a PSnk « WB + -''X »,;iO/»gJaT 
PS 9 PSnv X« 

psto psi>eiis»o»xfli 


it X. 


1* No load to rated 
2, Current set valu 
fluctuated by ±2 


000 m 
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Table 4,12 Temperature Measurement Telemetry 


OF POOR DUALJW 


KTq. Item to be measured C*Q(^e 

Temperature of Engine Unit #1 tbi 

Temperature of Engine Unit #2 tb 2 ' 

Temperature of mercury tank #1 ttanki 

Temperature of mercury tank #2 ttank2 


Temperature of base plate in power source device #1 Tbsi 
6 Temperature of base plate in power source device #2 Tbs 2 


Logical Floi^ of Dielectric Breakdown Protection 






4.1,5 Interface With Satellite 

^ Basic components having interface with ion engine system are the 
structural system# power source system# telemetry/command system# 
heat control system# attitude control system and gas jet system. 

Field separation points are established as follows. 

a. Mechanical separation points: mounting surface of each 
component. Weight of mounting hardware will not be included 
in IBS. 

b. Electrical separation points: 6 connectors - bus power line# 
discrete command line# magnitude command line# analog telemetry 
line and temperature measurement line - shown in Pig. 4.9. 

(1) Structural system interface 

Boarding position of each component is shown in Pig. 4.10, It is 
a roll surface called mission panel IX. Alignment of engine unit will 
be determined by an alignmeht mirror which is mounted on a grid. 
Accuracy will be set to be within 0.24* 

(2) Power source system interface 

+0 22 

i) Supplied voltage; 28 _ol7S input terminal) 

ii) Ripple: Less than lOOmV 

iii) Disturbance voltage resistivity: 

Resistivity to stabilized bus disturbance voltage 
(single peak) of +5V# 250f{V sec and -lOV, 600^V sec 
will be required, 

iv) Load current: 

di/dt A 100,000A/sec 
Overshoot ^ 5A 

Overshoot total energy ^ 160 x 10"^A»sec/(per steady 
load current of lA) 


-100 


v) others 


Diodes requiring series arrangement should not he 
used in the power source line which prevents reverse 
voltage. Also, care must ha taken so that lES will not 
he in short-circuit mode to hus power. 

(3) Telemetry/coramand system interface 

Commands shown in Table 4.5 are sent and telemetry signals shown 

* 

in Table 4.9 are received. 

i) Discrete commands: 

Sent according to the command matrix below. 

At execution? X line 27,0±1.5V 10.A 

Y line 1.2±1.2V lOul. 

At non-execution? X line Open, transistor OFF 

Y line Open, transistor OFF 
Pulse width? 55±5ms 

ii) Magnitude commands: 

Data format will be as shown in Fig. 4.11 and 
timing as shown in Fig. 4,22 . Clock bit speed of data 
transmission will be 128 bps. 

iii) Analog telemetry; 

Analog telemetry will be coded to 8 bit (1 bit, 

20mV? total accuracy, iO.6% F.S.) by telemetry encoder, 

iv) Serial digital telemetry 

8 bit-long and bit spaed of 2048 bps. Timing will 
be as shown in Fig. 4.13. 

(4) Heat control system interface 

Heat environment of each component at the time of launching and 
in orbit is 0 40C (estimated) and design temperature will be -15 a, 55^2 
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Power consumption of eacli component is shown in Table 4.2. Heat 
density of each component will be as shown in Table 4*13. Items whose 
temperature are measured, types of sensors and their locations are 
shown in Table 4.14. 

(5) Attitude control system 

nominal torque arm length of each axis of ZHE will be 232.5mm for 
pitch axis, 0mm for roll axis and 100mm for yaw axis. Thrust will be 
the nominal O.lSgr wt. and its cumulative operating time will be over 
150 hours. 

(6) Gas jet system 

N/A. 


Picf. 4,9 Connector Nutrtbars of Ion Engxne System Components 



X, Telemetry monitor HVs High voltage output i 

signal line LV: Low voltage output 

2. Control signal line TT: Temperature telemetry 











Fig. 4.12 Timing Chart of Magnitude Command 


Enable 


Data 


-/F- 

l-“7.8jn* -4 , 
(nominal) 



, —IwjntUr - --I [—1 IBS (nominal) 

nominal) 1 1 


_ (nominal) II ' — Z‘ 

cioc.‘ n~"T r 


— — +IQV 


Enable and clock signals are sent as differential 
signals* and agreement of signals is within 2^s, 


!Piq« 4.13 Timing of Serial Digital Data 


C0«8Hs 


JTJijnjxnLjn_n_rL_‘ 


'=^ —4 |-^200/t*MIN —I |-^2S0±I00#ft 

* --jiJTjnjijajnjnji_r 


JU L 


I f^SOnsMIN 






and fall time(tf)of each signal ;tra:io/i, 
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Engine Unit #1 tempera 
Engine Unit #2 " 
Mercury tank “ 
Mercury tank #2 ” 
Power source device #1 
Power source device #2 


Platinum resistance 
R9256P3 

Platinum resistance 

R9256P3 

Thermistor 

S311P18-07T15R 

Thermistor 

S311P18-07T15R 

Thermistor 

47C247072 

Thermistor 

47C247072 


wire Engine Unit #1 
wire Engine Unit #2 
Mercury tank #1 
Mercury tank #2 
IP #1 base plate 
IP #2 base plate 









4.1.6 Design Standards 


Only the main stabject matters will be outlined in this section. 
Details are given in the Interface Management Specifications and the 
Common Specifications. 

(1) Mechanical design standards 

i) Natural oscillation; 

Less than 100 for each component, 

ii) Load limit; 

Strength and stiffness to produce permanent 
deformation of no more than 0.2?^ of load limit (estimated 
load X 1.5 =s approved test load. See Table 4.17) will 
be required, 

iii) Ultimate load; 

No failure or breakdown will occur at the ultimate 
load (load limit x 1.25) . 

iv) Safety coefficient ; 

lEE employing liquid or air will be designed with 
the safety coefficients given in Table 4,15. 

(2) Electrical design standards 

Grounding of each component will be electrically insulated from 
the satellite frame. Insulation between bus power return and 
(illegible) will be DC resistance of over IM^. 

insulation between secondary power line returns, primary power 
lines and cases will be DC resistance of over IMil each, 

(3) Electromagnetic radiation 

lES will follow the electromagnetic compatibility requirements 
given below. Between IBS and ETS-Ill system, compatibility tests will 
be performed successively and standards will be set by the EMC 



management plan, test specifications, test execution plan and test 
procedure manual. 

i) Transmission interference noise in power lines: 

In lES and lEP, transmission interference in power 
source lines will not exceed the tolerance levels set 
helow. 

Frequency Tolerated transmission 
band * noise interference 


30Hz — IBOHz X07mAP-P, 20dB/decade 
160Hz —1.6KHZ 20mAP-P, 20dB/docade 
1.6KHZ — lOOKHz 200mAP-P 
100KHz~10MHz 30mAP7-P 

trasient response ioo.oooA/sec (loat current >1A) 

Satisfaction of the standards will determined by 
oscilloscope (SOMHg) and electric current probe, 
ii) Transmission interference sensitivity of power lines: 
a) Sine wave voltage 


Sine wave voltage of levels set below, when charged 
to power source input, should not cause any abnormal 
action in lES and lEP, 

Source 

Amplitude impedance Frequency 

OlVp-p osi? IHz 

OJVp-p QSQ 60Hz 

OlVp-p-OSVp-p QSS3 60Hz— 800Hz 

(linear increase) (linear increase) 

05Vp-p OSQ 800Hz 

05VP-P 0Si2 800Hz-50KHz 

05Vp-p OSQ SOKHz’^lOMHz 

Test method will be based on MlL~STD-462. 
b) Transient 

Pulse voltage of 60PPS, 25Vo~p, 10 yUs for a maximum 
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of 10 minutes, applied to power bus line in either 
positive or negative direation should not cause any 
significant deterioration in performance of IBS aid 
IBP. Test method will be in accordance with MIL- 
STD-462-CS06. 

ii) Magnetic field interferences 

a) Radiation interference noise 

IBP must not radiate more than 0.1 Gauss IKH 2 ) 
and O.Ol Gauss (IKH^'*^ 3 OKH 2 ) . Measuring distance 
is 7cm from the component surface. Test method 
will be based on MII,-STD-462, REOl. 

b) Radiation interference sensitivity 

IBP must satisfy performance requirements in the . 
tests based on the requdLrements and testing methods 
of MH,-STD-461A and 462, RS02. Applicable tests 
and test standards must be indicated in each test 
specifications, test eKscution plan and test 
procedxire manual. Testing frequency of RS02 will 
be 40 OH 2 and amplitude of current source will be 2A. 

c) Ifegnetic dipole moment 

Residual magnetic dipole moment of IBP component 
must not exceed O.S^wbm for each axis. As MAC has 
a maximum of 8.16^wbm magnetic dipole moment, IBP 
component must be designed so that a magnetic field 
having a flux density of 1.62 x IQ-'^b/m^ (estimated 
to be 20cm based on MAC) will not be affected at all. 
iii) Electric field interference 

a) Radiation interference noise 


Radioactive interference of I 4 KH 2 to lOGHz, 
radiated from components, must not exceed the limits 
set by MIL-STD-461A, Notice 3, Fig. 21 and 22. In 
the frequency band of 147 - 149MH-, however, narrow 
band radiation limit is 31 dB V/m. Radioactive 
interference by radiation from lES must not exceed 
the set limits. 

b) Radiation interference sensitivity 
Normal operation of lEP in the frequency band of 
14KHg - lOGHg and exposed to the electric field of 
IV/m must be verified. For the frequency bands of 
135 - 137MHa and 1700 - I 7 IOMH 2 , IBP is exposed to 
the electric field of 5V/m for measurement. 


Table 4.15 Safety Coefficient 


' - — — ^Load class 

Structural divdsxon ' ' — ,, 

Proof load 
(Note 1) 

Burst load 
(Note 2) 

Pressure tank 

1.50 

2.30 

Pressure pipings and others 

1.50 

2.30 


(Note 1) Proof load is the pressure load applied to check 

production technique and material quality of pressure 
container. 

(Note 2) Burst load is the pressure load under which pressure 
container must withstand without breaking down. 
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4.1»7 Tests 


Test subject matrix is shown in Table 4.16. Oscillation test 
levels are shown in Table 4.17 and impact test levels are shown in 
Pig. 4.14. Heat vacuum test will be given with the heat cycle shown 
in Pig. 4.15. Electromagnetic compatibility test was explained in the 
preceding section. 


Pier. 4.14 Impact Spectrum 



ORltSlNAL 

OF POOR QUAllW 
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o 


0 

o 

0 


Appearance and 

dimension inspection 
Weight and position of 

center of gravity inspection 
Charge and resistance 
inspection 
Performance test 


O 

0 

O 


Oscillation test 


Qf 

0 


Impact test 
Heat vacuum test 

Measurement of residual 
magnetic moment 


H/A 

OT 


0 


O 

AT 

O 

N/A 

AT 

0 

0 


Electromagnetic 
compatibility test 
given for PM. 

QT level test for : 
AT level test for j 
Random oscillation 
only for PM. 

QT level test for : 
AT level test for j 


PMs prototype model 

(a) lEE PMs flight model 

QTs qualifying test 
AT: acceptance test 


Model 


Test subiect 

PM 

PM 

Appearance and 

0 

o 

dimension inspection 

Weight and center of 



gravity inspection 

0 

o 

Performance test 

O 

o 

Electromagnetic 


compatibility test 

0 

N/A 

Oscillation test 

oQT 

0 

Heat vacuum test 

0 

0 

Measurement of residual 

0 

magnetic moment 

sr/A 

Impact test j 

0 

M/A 


Oscillation test - QT level 
for PM and AT level for PM. 


Model 


Test subiect 

PM 

PM 

Function and 

o 

0 

performance test 
Measurement of 



thrust 

N/A 

M/A 

Measurement Of beam 



diffusion angle 

M/A 

N/A 

Electromagnetic 

0 

M/A 

compatibility test 

Heat vacuum test 

O 

0 

Iiong-mode test 

0 

M/A 


(c) lES 




Table 4.17 Oscillation Test Levels 


Sine wave oscillation level 
for Qualifjfing Test; 


Random oscillation level for 
Qualifying Test; 


Rt, angle to 
axis of thrust 

Direction of » 

axis of thrust I 


Range of ■ 
frequency 
I "(H*) 


yLevel ( G ; 0 - PH 


5^200 

200-2Q00 


Sweep rate 2 oct/mi n 


Range of frequency Av. level 

I Accel, density ! 


C Hz ) 

mi&stusst ( f*yHt ) C Gm#) 

20 -23 0 

0.0 9 

230 -3S0 

+ 6 d B/oct 



3S0-90O 

0.2 

900-2000 

“-6 dB/oct 


Test duration: 2 min. for each direction 


Sine wave oscillation level 
for Acceptance Tests 


Direction of 
axis of thrust 

Range of^ 


Rt. angle to 
axis of thrust 


( G o4p ) 


frequency 

Hz 



5-200 


fl,0M« 

lO.O^it 

200-2000 


3.3 

3.3 

Sweep rate 

; 4 oet/mln [ 


Random oscillation level for 
Acceptance Tests 


Range of fraquehcy 

^ Accel. ^density 


Av. level 


(Hx ) 

1 

C f */H X ) j 

It. 

(G rma ) 

20-230 

0.0 4 


230-350 

+ 6 dB/ocl 

1 0.4 

350-900 

0.0 8 9 


SOO-2000 

—6 d By 0 c t , 

1 



Test duration: 1 min. each direction 


OF POOK Q’ 





Ti'-KSSI TjHga« 

higli temp, low temp. 


Time (hr) 

*From high temperature to low temperature, or 
a reverse process, over 4 hours and less than 
8 hours should be spent. Rate of temperature 
change depends on temperature difference. 

**Temperature stability during this period, 
measured by temperature sensor which controls 
testing device, should be within ±3 c. 
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4»1.8 Operation requirements 

Plan shown in Table 4,18 will be the reference in operating the 
ion engine system on the satellite. 


Table 4.18 Operation Plan for lES 


Phase 


Subject 


IDLING 


Hollow 

cathode 

activation 


Hollow 

cathode 

test 


Neutralizai 
movement 
: check 

i . ■ . 


Duration 


No. of 
engine 
unit used 


2 rotatipns/unit, 
total 4 rotations 


2 


2 rotations/unit, 
total 4 rotations 


2 


( 8+2 ) rot at . /unit^ 
total 20 rotations 


2 


(2+1) rotations/unit^ 2 
total 6 rotations i 


Varied 

parameter 

test 


(12+3) rotat./unitj 
total 30 rotations 


Repetition 

test 


100 rorat ions/unit 


Long mode Over 100 accum.hrs/ 
test junit; over 10 cont. 


1 


1 

hrs. 



Experiment conditions 


IN modes 1 rotation/unit 
IH mode: 1 rotation/unit 


Activation 

Activation 


N+1 rotat, 
N+2 *• 


of main cathodes 1 rotat/unit 
of neutralizer cathodes 
1 rotation/unit 


(par rotat) 


1st orbit 

2nd 

3rd 


orbit IDLING 

Hollow cathode 
test 

I^ reference 
change (3 min x3) 

It 

SHUT OPP 
IDLING 

Hollow cathode 
test 

Vfl reference 
change 

ir 

SHUT OPP 


IDLING 

OB, PH mode START 


105 rain, 
20 ” 


1st orbit IDLING 


OB, PH mode START, 
CONT 

COOT, 1(3 change 
" SHUT OPP 


Orbit and 
operation 
conditions 


2-orbit continuous 
operation in the 
visible ranoe< 


30 -minute 
continuous opera- 
tion in an orbit. 


lEB operated 20 
min. before 
entering visible 
area by stored 
command, for 
testing in the 
visible area. 


105 min. 
40 " 

40 " 


105 min. 

40 ” 

40 " 

40 “ 

30 " 



Varied V^ and Vn test at the same time. 


Parameters for stable lEE conditions set First 10 rotat. 
from above data. Be am radiation: 10 min. in visible area. 


Beginning and end 
in visible area. 






















4«2 Engine Unit 


4«2.1 Design Values 

Design values of Engineering Modal (EM) with respect to the 
required design values in the development specifications of the 
preceding section are shown in Table 4.19. 

Table 4,19 Desicrn Values of ^ ' 

Main Parts cathode 



Main 

Neutralizer 

Orifice diameter. 

0.25 

0,25 

mm 



Keeper aperture 

2 

2 

diameter, mm 




Accelerating grid system 


Screen 


Accelerator 


Thickness, nm 
Hole diameter, 

mm 

Number of holes 


0.5 1.5 

3.0 2.2 


121 


Grid separation 

mm 


■ 


1.5 


Discharge chamber 


Chamber length, mm 

diameter, mm 

Anode diameter, mm 

Buffle diameter, mm 

Distributer pole piece inner 
diameter, mm 


60 

60 

50 

9 

12 


Buffle to pole piece 
separation, mm 


1.2 






4.2.2 Structure, Functions' and Designs 


Components, functions and designs of the engine unit are given 
heXow. Cross section of the engine unit is shown in Fig, 4,16. 

(1) Tank assanibly 

Cross section is shown in Fig. 4,17. It has a function of 
supplying propellant (mercury) , and consists of liquid mercury tank 
and force (nitrogen) tank, separated by fluorofubber bladder. Liquid 
mercury tank has flanges for joining the tank with main hollow cathode 
asseiribly and neutralizer hollow cathode assembly. Each is connected 
through 0-ring, Force gas pressure is 2S±0.2kg/ctn abs. 

(2) Main hollow cathode assembly 

Cross section is shown in Pig. 4.18. The assembly consists of 
vaporizer which holds liquid mercury and controls the flow of mercury 
vapor, hollow cathode which is the electron amission source, and 
insulator which insulates back flow of hollow cathode and the front 
flow of vaporizer under high voltage. 

Vaporizer: Porous tungsten plug of sintered tungsten powder 
having particle diameter of ^m is joined with tantalum cylinder by 
electron beam welding. Sheath heater, mounted on the outside of the 
cylinder, heats and vaporizes mercury held by the tungsten plug, 
controlling its flow. Particle density of tungsten plug is 70%(7S% 
for neutralizer). Sheath heater terminal, composed of ceramic seal 
and tantalum cap, converts into nickel lead wire, 

insulator: 6 molybdenum mashes are placed at equal distances 
inside an alumina ceramic pipe. Voltage between the mashes is kept at 
less than 300V to prevent discharge under a wide range of mercury vapor 
pressure. Molybdenum meshes are supported by alumina spacers with 
rippled surface, so that short circuit is not likely to occur between 
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the meshes in the event liquid meraury freezes. Sheath heater is 
placed over the ceramic pipe on the vaporizer side to heat mercury 
vaporized and prevent it from freezing. 

Cathode is a cylindrical tantalum pipe, one end of which is 
blocked by a thorium tungsten chip. Vaporized mercury passes through 
the pipe and is supplied to the discharge chamber through a narrow 
hole in the center of the thorium tangsten chip. For a cathode insert, 
porous tungsten impregnated with barium compound is placed in the front 
of thorium tungsten chip, which, by heat, turns into oxide cathode 
having an electron discharge ability. Outside of the tantalum cylinder 
is coated with alumina, over which rhenium tn,ngsten heater is wound. 

The heater has one end spot-welded to the cylindrical pipe and the 
other end to the tantalum lead wire, and is further coated with 
alumina. Keeper electrode is placed on the downstream side of the 
thorium tangsten chip. The keeper is mounted on the alumina ceramic 
surface and welded by electron beam. 

(3) Neutralizer hollov; cathode assembly 

Cross section is shown in Fig- 4.19. Its components are similar 
to those of main hollow cathode, except that it does not have an 
insulator. During oscillation test of the development test, breaking 
of keeper lead wire and slipping of cathode insert occurred, 
necessitating addition of another point of support for the keeper 
lead wire and use of tantalum foil cylinder for supporting the cathode 
insert. Also, control of keeper voltage/vaporizer current failed 
during lES combination test, which prompted increasing the keeper 
diameter from to 2s6, 

(4) Discharge chamber assembly 

Cross section is shown in Fig, 4.20, The assembly has soft steel 


pole pieces on ttie upper" and down-stream sides with discharge chamber 
in-between, and a permanent magnet of alnico 5 is inserted and fixed 
between them. Discharge chairiber has a cylindrical anode which 
insulates the chamber with alumina ceramic (insulator) , Grid asseitibly# 
consisted of screen grid, accelerating grid and alumina ceramic 
insulator, is mounted on the pole piece of the downstream side. Dis- 
charge chamber, anode, screen grid, accelerating grid, etc. are made 
of stainless steel. 

(5) Housing 

Housing, the interface of above assemblies, comprises various 
support materials, base plate for mounting on satellite, support 
materials for wire harness , etc. SUS304, aluminum alloy, is used as 
structural material. 
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Fiq« 4,18 Main Hollow Cathode Assembly (EM) (Slight change from PM on) 
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Keeper, 
til 

Thorium 
tangsten 
ch ip ' 


Cathode insert 
Cathode heater 


Vaporiser 


heater 
— i-Insulator 


Cathode 

pipe 


I 


Cathode 


P: 






^ -1 


II 


w 


; i 

M 


; 

Hi 

M 

h 

* 

« 9 

, j 


i 



4.2,3 Structural Design 

Feasibility of structural design was evaluated by structural 
analysis. Oscillation analysis results and test results are compared 
in 5?able 4.20. Load and stress analysis were made under the following 
conditions. 

(a) Sine wave oscillation load conditions t 

Controlled load 5G input 

trltimate load 6.25G input 

Q=30 

(b) Random oscillation loads 

To horizontal direction of engine, 
f = 3 5 0 Hz, So=s0.2G* /Hz, Q=3 0 
Ultimate coefficient 1.25 

Gma:c=3 ( Q2;rf So/4 )2 =2 1 S G. 

To vertical direction of engxne, 

f=9 0 OHz 
Gtnax = 3 4 S G 

(c) Steady acceleration: 

Controlled load - 25G each to the direction of satellite 
axis and vertical direction 
Ultimate load - 25G x 1.25 

Safety factor, load and estimated stress of discharge chamber, 
determined by the load conditions (a) , (b) and (c) are shown in 
Table 4.21, Safety factors calculated were all positive. 
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Table 4.20 Natural Oscillation of Discharge Chamber/Hollow Cathode 



Without tank support 

with tank support 


Test results 

Analysis 

Test results 

Analysis re 

‘direction 

* 

■ “ 

IS 7.22Hz 


276.01Hz 

1 

Y 

** 

200Hz 

19 3.45Hz 

275Hz 

27280Hz 

1 

Z 

1 

u 

34eHz 

262.57Hz 

560Hz 

595.73Hz 




Discharge chamber strut Random oscillation, yield +0.1 

Pole piece " " +0.15 

Main support screw (#2) *' breaking +2.0 

Flange MCA “ " +0.02 

Main support " buckling >5.0 

Discharge chanibar " " >5.0 

Mounting screw (traction) * " +5.4 

Mounting screV7( shear)* " +10.4 


*#10 steel bolts of Ptu=»25.000/b . F.u = IM00fb 


(b) Load 

Rated Sine wave 

Parts acceleration* ocsillation** 


Case lOS 


Main 

support 


Discharge 

chamber 


Discharge 
chamber 
strut 

Ps injection axial force 

V; shearing force meeting P at right angle 
Mi moment 

*Rated acceleration falls at right angles with injection 
axis, 25G, simultaneous. 

**Q=2o, input 5G. Oscillation at right angles to 
injection axis. 






J so 

P 

0,A ^ 

- 

V 

3,7 Kf 

1 LO Kf 

M 

5 5l 0 Kf-^twn 

1 7 flL9 Kj-mm 


p' 

ao K, 


V 

Z7 Kf 

1 7.0 

M 

1 3 ao lif-mra 

< I -L7 Kf-fnm 

IS: « a 

P 

^3 

- 

V 

4.3 K, 

1 7.2 K, 

H 

18 as 

8 0 S.4 %-nun 

a a a x a 

P 

as 

- 

V 

; 1.6 Kr 

5.2 IV 

M 

1 3 as 

1 1 2 1.9 IV“nvtt 


(c) Stress (units kg/tnm^) 

Rated Sine wave 

Parts Acceleration Oscillation 


Discharge chamber strut 
Main support screw (#2) 

Pole piece 
Flange MCA 
Main support 

Discharge chamber 

*For this value only, oscillation in the direction 
. — of injection axis, ' • 
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a' 

10 

7,1 
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A 

z< 
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^ jtf - 
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13 

0.9 

af 



0.1 6 

03 • 


-(shear) 





4.2.4 Heat Design 

(1) Thermal interface with satellite 

In order to determine the thermal interface/ a therraomathematical 
model of approximately 50 nodes was created and calculator simulation 
was made of 16 cases. For parameters/ several coiribinations of 
(a) conduction heat resistance between the engine unit mounting panel 
on the satellite and the housing of the engine unit/ (b) coefficient 
of radiation heat exchange between the satellite interior and the part 
of engine unit which faces the interior (this sentence's meaning 
unclear - translator) and (c)(//g of screen shell which protrudes to 
the outside of satellite, were taken. Compatibility was determined 
using the following as allowable temperature conditions for the engine 
unit . 

i) Minimum temperatiire of liquid mercury holding part during 
non-operation to be over -25C. 

ii) Maximum temperature of mercury supply tank during operation 
to be under 150C. 

iii) Heater power, which maintains the rated temperature in the 
main hollow cathode vaporizer and neutralizer hollow 
cathode vaporizer during operation to be over IW and less 
than 4W. 

Bach case of simulation and the results are shown in Table 4.22. 
Following conclusions, satisfying the above conditions, were obtained, 

(I) Conduction heat resistance between the satellite side engine unit 
mounting panel and the engine unit side housing should be over 
l/0.58(deg/W) . 

(II) Radiation rate of the part which faces the satellite interior 
should be over 0.9. 


(Ill) 0</i of screen shell should he over 0.9/0, 5, 

If the internal heat generated hy the engine unit under rated 
operation is 38. 6W/ the heat balance whan the temperature reaches 
balance level is as show»i in Pig. 4.21, 

(2) Heat design of engine unit 

Engine unit, because of its functional requirements, is designed 
to have strong thermal isolation from the system comprising discharge 
chamber Assembly and main hollow cathode assembly; and the neutralizer 
hollow cathode assernbly# from the housing. Especially with the main 
hollow cathode assembly and vaporiser and cathode in the neutralizer ho 
hollow cathode assembly, improvements have been made on heat 
conduction pass, heat shield, etc. to secure their rated operation 
characteristics during operation and the transient temperature 
increase curve at the beginning of operation. 


Fla. 4.21 Heat Balance of Engine Unit 


• 4.3W 
<3 
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Table 4.22 Results of Thermal Interface Trade-off Study 


Case 


ExternaV 

heat yEnginej Required conditions 


i/'ao3 as 


s I i/'aos ao2 


i^asB as 


S'-*! * I • 


IVJkll 

T*/e 

input 

unit 

-I51C 

-isr 

Low 

non-o|i«riiUoD 

'+S5t; 

+sst 

IhCh 

operation 

-I si: 

-ist; 

Low 

ltcin*opsra*tt«n 

•(•sst 

+5STC 

inch , 

operation 

-iSlc 1 

. i 

-isr 

Low 


i 

+SS1C 

IftEh 

operation 

-ist: 


Low 

non-ope rat foil 

+S5XJ 

+55t 

HlBh 

operation 

-ist 

-ist 

Low 

non*'operailon 

+5 St 

+i5t: 

Kish 

operation 

-ist 

-lit 

Low 

j non-operaiioji 

+5St 

+S5'C 

ilieh 

operation 

-15t 

1 -ist 

tow 

non*ope ration 

^sst 

+SS1C 

inch 

operation 

-ist 

-ist 

Low 

non"aperation 

+551: 

+sst 

Uith 

operation 


HCs hollow cathode 
T|-s tanh temperature 
Te: engine unit temp. 
Tvs vaporizer temp. 

All temp.& power -approx. 


Tt=15C; Tq=17C; 

Ttr(min .); main HC=17C ; neut . HC=39C 
~ Tt=5^Cj Tq=153C; To maintain rated Tv# 
main HC=1.4W and neut. HC=2.6W 


fl! 

B 

B 

B 

B 

B 


Heat density 


t— 






'-o.aw/'oi 






neut. HC=;iUC 
trdl failure 
n mam HC Tv 

Tt=15C; Te=17C; 

Ty(roin.)^ mai n HG=17C? neut. HC-40C 
Tt =7 5C 7 Te=lS 0 C ; To maXntaxn rated Ty 
main HC=1.8W and neut. HC=2.8W 


Tt=14C? Tq=15C? 

T-trCmin.) ; main HC=14C; neut. HC=22C 


Tt=75C? Te=134C; To maintain rated Ty, 
main EC=1.7W and neut. HC=1.9W 
Tt=licf Tq=11C? 

TvCmin.); main HC=10C? neut. HC=*20C 
Tt=10lCy Tq= 160C; To maintain" rated Tv# 
main HC«1 . 3W and neut . HG=1 . 7W 

■"Tt^I^crTi^si"5C7“ 

T yCmi n.) ; main EC=14C? neut. HC=22C 
Tt— 89C|TTe=14oC7 To maintain rated Ty# ' 
main HC«1.6W and ne ut. H C=1.8W 

Tt=l4Cj Te=lC ‘ I 

Ty(min.); main HC^C_;_n HC=14C 
Tt>200G; Tq >2dCjC; Control failure due I 
toexcessive increase in main HC Ty. I I 




R: conduction resistance (deg/w) between engine unit side mounting base plate and satellite side 
engine unit mounting panel, T^^ll* temp, of engine unit mounting panel (constant) . Einsradiation 
rate in the satellite interior. «x/e.; absorption rata/radiation rate anticipating space. Ts/c; 
temp, of satellite interior (constant ) . External heat inputs full sunshine# High? high noon# Low 
Heat density: heat input to mission panel Il/contact area where contact area=22cm2. 


































































































4.2.5 . Blegtrical Design 


Electricsl design of the engine unit can he summed up in the 
design of its wire harness, The harness is designed under the 
following standards, 

(a) In order to keep the temperature increase under IOC# allowable 

electric current is set as follows s 

Wire sigeCAWG) Allowahle current 

#20 3.7A 

#22 2-5A 

#24 2.0A 

(h) Withstand voltages under 50% of rated voltage. 

{c) Environment (temperature) s under 70% of rated taraparature, 

(d) EMC countermeasures As a principle# RTH uses an exclusive circuit# 
and twists and shields are provided as necessary, 

(e) Voltage and electric current of connectors s Under 50% of rated 
values (under 25% for voltage) .. 

(f) Materials that do not degas are selected. 

Performance requirements and parts used are given below. 

(1) Circuit design 

i) Wire harness frora power conditioner to engine unit 

a) Connectors to the power conditioner 

For high voltage (over 6kV withstand voltage) : AMP 

multi“pin LGH(7-pin# withstand voltage of 15kV) 
For low voltages Nildco Denki DBM-21W1 (cannon) 
Temperature monitor lines AMP SD-22 series 

b) Wires 

For high voltages withstand voltage of over 3kV and 
temperature of up to 260C 
For low voltages temperature of up to 260C; MIL-W- 
16S78 standard product (withstand voltage of 
600V and temperature of less than 260G) 
Temperature monitors? 

Engine unit temperature (Te) and tank 

temperature (Ttank) 

Shield twist pair wire# Raychem 44# A112-24 


OF. POOK 


Cathode vaporiaer temperature (Tcv) and 
neutralizer vaporizer temperature (Tnv) 

Max 180C 

MiL-.ff-.16 87 8# standard product 
As an EMC countermeasure, wire harness uses 2-strand 
spiral wires which are shielded with copper tape 
(Scotch #1245) . 
ii) Inside of engine unit 

a) Terminal 

Repeating point of wire harness from the pcwer 
conditioner and connections inside the engine unit 
is designed as shewn in Fig, 4.22, repeating 
through a caulking terminal. 

b) Internal connections 

As the temperature inside the engine reaches about 
300C, anoxia copper wire (EOF GuWJIS H3503 O.Sfd) of 
0.8/zJ-diameter( equivalent of #22AW6) is used, 

(2) Wiring 

Instrumentation wiring diagram covering the connectors to power 
conditioner to the inside of the engine unit is shown in Pig. 4.23, 


Pic. 4.22 Structure of Engine Unit Terminal 


caulking 

terminal 











4«2.6 Reliability pesign 


Engine unit reliability was astimatea by tbe following raetbocts, 

a, Analytioal estimation 

1) CalGulation of structural reliability by stress/strength model 

2) Calculation using accidental braabdown model, if tbe breakdown 
rate is known or tbe breakdown rate of a similar hardware is available 

b. Estimation by test 

T 

"x* i a * where T: total operation time 

r= # of breakdowns 

reliability standard of 50%, 

Reliability calculation method for each assembly is shown in 
Table 4.23. Reliability block diagram and the results of calculations 
of breakdown rates and reliability levels are shown in Table 4.24. 

For the breakdown rate of main hollow cathode, it was assumed that 
tests could substantiate MTBP 500 hours and the breakdown rata of 
neutralizer hollow cathode was assumed to be 2/3 of the main hollow 
cathode based on its complexity. 


Table 4.23 Classification of Reliability Calculation Methods 


No. 


Asseiiblv 


stress/ 


Analysis 


strength 


accidental! 

breakdown 


Test 


Remarks 


Tank 


0 


Main hollow cathode 


Discharge chamber 




Neutralizer hollow 
cathode 


o 


Based on similaries 
to main hollow cathode 


Wire harness 


0 


Breakdown rata of 
Gonneotors & thirmister 


Structure 


_a 


Neutralizer filament 


N/A 


N/A 


N/A 
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Table 4.24 Block Diagram of Ion Engine Unit Reliability 


Block diaaram of reliability 


.tank mam hollow^dxscbarge^neutralizer. 

assetttblvi cathode chattiber hollow 
Bssetriblv I iassetnblv I cathode 

asseitibly 


/ire 

larnesi 


structure 


(Neutralizer filament is for back-up and 
thus not included in the reliability 
estimation modal.) 


Breakdown rate and reliabilitv 


Assetably jtank 


mam 

hollow 

cathode 


wire ! structure 
harness 


reaKd 
ate _ 


0.467 2000 


0.030 


1333 


0.082 


0.7408 


0.9097 0.8188 


0.9993 \ 0-9999 


Operation 


150 hrs 


150 hrs 


Mathematical model 


Ribe=Bi R* X Ri >< R» R* X R, =0.6 0 3 4 
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g?al3le 4.25 Development Test Plow (Engine Unit) 


Test subject 


Test items 


charge • insulation resistance ' test 

r~ 

wt. & cntr. of' gravity checic (I) 

performance test (I) 

I — I — ' 

wt, & cntr. of ‘gravity checlc'(ll) 

I' ' 

oscillation test 

heat vacuum test 
I — L * 

performance test(il) 

] i ^ 

thrust measurement 
I.. ' , 

electromagnetic compatibility test 



residual magnetic moment measurement 

* - 


I E Ed), I E Bfe) 
IE Ed), IEE6J 
I E Ed), I E E(2) 
IE Ed). IEE{2) 
I E Ed) 

I EEd) 

I E Ed] 

I EE(2) 

I EE(2) 

I EEd), IEE(2) 
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Execution date 

* 

19 7 9 
4/1 S 

4/1 5—4/1 7 
4/2 0 — 5/1 
5/7— 5/i 0 
5/2 5, 2 6, 2 7 
6/5, 6, 7 
6/7— 6/1 3 
6/1 4-6/22 
7/3-7/S 
7/1 0—7/1 3 


Table 4.26 Charaafceristias at Rated Plov/ 


Nominal 

value 


Parameter 

a *Ss *• 

lE&m 

I EE(2} 


Beam voltage 

(KV2 

• . 1 

0.99 

09 9 


Beam current 

( mA) 

30 

3 0.0 

2 9.0 


Accelerator grid voltage 

C KVJ 


-1.0 2 

- 1.0 2 


Accelerator grid current 

t mA ) 

Z 1 

4, ifelT 

A 1 iy,T 


Discharge voltage 

IV) 

4 0 

4 9.7 

4 1.2 


Discharge current 

1 A) 

0.3 S 

0.3 S 

0.3 5 

Main | 

cathode heater power 

IW) 

0 

0 

0 

hollow < 

keeper voltage 

rv3 

1 3 

1 4.7 

1 eo 

cathode 

1 keeper current 

C A) 

0.3 

0.3 0 

0.3 


L vaporiser heater power 

IWi 

^ TfilT 

33 

19 

Neutralizer f cathode heater power 

cwi 

0 

0 

0 

hollov/ 

J keeper voltage 


2 4 

2 Z2 

1 06 

cathode 

I keeper current 


a2 5 

0.2 4 5 

02 4 5 


V. vaporizer heater power 



0.6 

OS 


Insulator heater power 


3 

ai 

31 

Main hoi. 

cathode vaporizer temp. 



3 2 0 

3 16 

Neut. hoi, cathode vaporizer temp. 


! 

2 2 6 

222 


Engine potential 

IV) 


-2 34 

-1 9.6 


Target potential 

cv) 


1 l.S 

1 38 


Total power consumption 

tW3 

6 asliiT 

6 5,0 

6 1,5 

Mercury flow (main hollow cathode) 

*10 -•C&' , 

9 

9-1 1 

9.3 5 

II 

" (neut, hollow cathode) 


1 

LO 6 

I.O 7 

Propellent util, efficiency (main HC) 


7 0 

6 9 

6 5 


Thrust 

1 gSf) 

0.1 8 

0 19 7 

OI 9 X 


Specific impulse 

1&2 

2 2 0 0 

2 15 3. 



Power efficiency 

L162 

4 4 

4^6 



Propulsive efficiency 

C^) 

» 

3 1.3 



Beam diffusion angle 

C *) 

3 0 




^Nominal values are based on 
NASDA-BSPC-41 ''Development 
Specifications for Ion Engine 
System, " 









4,2.7 . Development Tests 


Objectives of Development Tests were to verify the engine unit 
(lEE) design and to spot any problems in design and manufacturing 
processes by performance and environment tests with an engineering 
model (EM) as a sample. Another objective was to establish test methods 
for Qualifying and Acceptance Tests. 

In order to accomplish these objective/ tests and inspections 
shown in Table 4.25 were carried out. Because of an incident in which 
discharge voltage rose abnormally at the time of IBE(l) beam injection/ 
test to find the cause were added to the initial list of tests. 

Below are the results which require explanations. Although mcst 
test results satisfied specifications, heat design was reevaluated 
due to an abnormal increase in discharge voltage at beam injection 
and structural changes were made due to problems in oscillation test. 

(1) Performance test (I) 

Following tests were given, 

lEE(l): operation check aid measurement of beam diffusion 
angle 

lEE (2) : operation check, testing with varied parameter 
and measurement of beam diffusion angle 
(1-a) Operation check 

The test was for checking that main discharge and beam injection 
were maintained stable. Table 4.26 shows the comparison of operation 
characteristics at the rated flow between nominal values, lEE(l) and 
IEE(2), In both lEE(l) and IEE(2) discharge and beam injection were 
maintained stable. It was found, however, that discharge voltage of 
lEE(l) reached an abnormally high Vq immediately after beam injection. 
Details of investigation of the cause and the consequent design change 
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are discussed in Section 6.1, As a result, improvement was made in 
tlie heat design of main hollow cathode. 

(1-6) Test with varied parameter 

This was performed for IEE{2) . Pig. 4.24 shov/s the changes in 
keeper voltage and discharge voltage and Pig, 4.2S shows the changes 
in beam currant, drain current, engine potential (between engine and 
grounding) and target potential (between collector and grounding) , in 
relation to main hollow cathode keeper current. Discharge current is 
used as a parameter, with 4 variations. Pig. 4.26 shows the changes 
in keeper voltage and Pig. 4,27, changes in engine potential, target 
potential and drain current, in relation to neutralizer keeper current. 
Here, 3 variations of neutralizer vaporization temperature as a 
parameter are shown. 

(2) Oscillation test 

Results of modal survey of lEB(l) preceding oscillation test are 
as follows,' They satisfied the required natural oscillation of over 
lOOHz. 


Axis Primary resonance pt . Secondary resonance pt. 

X 280HZ 900Hz 

y 258Hz 812Hz 

Z 580Hz llOOHz 

For lEB(l), sine wave oscillation test and random oscillation 

test were given at QT level for each of X, Y and Z axis. 

During the oscillation test, following problems occurred- 

i) Breaking of lead wire in the neutralizer hollow cathode 

keeper area during Y-axis random oscillation test, 

ii) Slipping of cathode insert in the neutralizer hollow 

cathode. 


Problem 1 


Neutralizer keeper lead wire broke off at random Y-axis after 
sine wave osoillation of random X-axis. Location of break-off 
is shown in Pig. 4.28(a). Following conclusions were obtained by 
analysis, 

i) Y-direction primary resonance mode was excited and caused 
the break-off, This resonance point is estimated to have 
been slightly less than the maximum oscillation frequency 
2000 Hz. 

ii) As a countermeasure / there# Y-direction resonance point 
should be moved to over 2000Hz. 

A design change based on the conclusions was made to secure the 
lead wire between A and B, as shown in Fig. 4.28(b), 

Problem 2 

During performance check after oscillation test, malfunctioning 
of neutralizer hollow cathode occurreds plasma heat from keeper 
discharge did not reach cathode insert, resulting in a phenomenon 
indicating an insufficient electron emission. Observation of the 
inside, by cutting the hollow cathode, showed that welded part of 
the cathode insert support wire lifted off,* causing the cathode 
insert to slip. As the problem was thought to be caused by the 
welding structure rather than welding conditions, supporting 
tantalum wire was replaced by a pipe made of tantalum foil. 

Fig. 4.29 shows a cross-section of the hollow cathode before and 
after the change. 

(3) Heat vacuum test 

The test was given to lEE(l) after replacing the neutralizer 
hollow cathode which* caused problems in the oscillation test. 


138 - 


operating conditions of the engine under conditions given below 
were satisfectory, and data on temperature changes in each part of 
lEB was obtained. 

•Constant temperature (+20C) operation operation check (once) 

•Low-temperattore (-SC) non-operation heat balance in non- 

motion at low temperature (once) 

•Low-temperature (-5C)*^ high-temperature (+45C) motion motion 

under esctreme temperature condition 
(once) 

•High-temperature (+4SC) motion heat balance in motion at 

high temperature (once) 

•Low-temperature (-15C) operation operation check under low 

temperature condition (4 times) 

•High-temperature (+55C) operation operation check under high 

temperature conditions (once) 

•High temperature (+55C) constant temperature (+200 motion 

motion under extreme temperature 
conditions (once) 

Notes temperatures in ( ) are the base plate temperatures. 

(4) Performance Test (II) 

For lEE(l)# similar tests v;ith varied parameter as given to 
IEE(2) in the performance test (I) was given. 

(5) Measurement of thrust 

The test was given to IEB(2), using two methods (see Section 3,2.6> 
direct measurement by hanging the ion engine on a thrust measuring 
balance; and indirect measurement by catching ion beam in a cone 
hang from thrust measuring balance. Results are shown in Table 4.27, 
"Calculated values" were obtained assuming that all ions are univalent 
and that beam does not diffuse. 

(6) Electromagnetic compatibility test 

The following subjects were tested. 

Electric field radiation interference noise (RE02) 


Magnetic field radiation interference noise (REOl) 
Conduction interference noise (CEO^t) 

(7) Measurement of remanence moment 


Results are shown in Table 4.28, In the oorribination of IBE(I) 
and IEB(2), slope of aacis of thrust of the engine units was both 1.1". 


Vqj,: main hollow cathode keeper voltage (V) 
V^: discharge voltage (V) 


4 •■24 Main Hollow Cathode Keeper 
Voltage vs. Main Hollow 
Cathode Keeper Voltage and 
Discharge Voltage 

i 


tEE(t) 1970.4.28 

Tcva:^315±2t: 
Tnv“220±2i: 
Vb^ 1 KV 



1-2 1 1 i > 

025 0.3 0,3i 0^ 0.45 

Jcks main hollow cathode keeper current 

(A) 


EM* engine potential (V) 
TGS target potential (V) 


Fig. 4.25 Main Hollow Cathode Keeper 

Current vs. Beam Currant, Drain 
Current, Engine Potential and 
Target Potential 



Jcks main hollow cathode keeper current 


keeper volta.ga(V) 



Jnk* keeper current (a) 


Vgjj- engine potential (V) 
Vjq: target potential (V) 


Pig, 4.27 Neutralizer Hollow Catkode Keeper 
Currant vs. Engine Potential, 
Target Potential and Drain Current 



neutralizer keeper current 




Ficf. 4.28 Neutralizer Keeper Lead Wire Support Method 


Neutralizer keeper 



(Lead wire is on 
XZ plane) 


(s) EM 



(b) after improvement 






4»3 Power Condi t loner 


Basic assign of power conditioner which satisfies the specifica- 
tions in Section 4.1 and the results of development tests on EM which 
was produced based on thxs basic design are discussed in this section. 

4.3.1 Electrical Design of Power Source Device 

BOoch diagram of the power source device is the same as that given 
in Pig. 3.29. !Ihe device consists of power soxu:ces PSl PSIO which 
supply power to the engine, auxiliary power source, master oscillator, 
telemetry exchange unit, monitor circuit and protective logical (AND/ 

OR) circuit. 

(1) Screen grid power source and accelerator grid power source 

These are the power sources which prevent acceleration of ion 
beam and reverse currant of neutralized electrons , Power supply of 
the former (screen grid power source) reaches S0% of the total power, 
and its contribution to the weight and efficiency is accordingly large. 
This is achieved by a combination of a fixed pulse width converter 
and a booster-type chopper regulator for pulse width control. Output 
voltage is variable with commands. This power source receives ON/OPF 
signals from protective logical circuit (described later) and is 
protected from excess load. Structure is shown in Pig. 4.30. Excess 
current protection circuit (limits current), because of its tedious 
composition, has been omitted after PM. 

(2) Discharge power source ’ 

This is a power source used for plasma formation in the discharge 
chamber and employs a constant-current system. It is characterised by 
that its input power floats at the above-described screen grid voltage 
with respect to the satellite potential, and it is necessary to detect 
output voltage and current at the screen grid potential and to 
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insulate and amplify to the satellite potential having a control 
circuit. Power sources whose output float at the screen potential 
are also used in other power source systems described later, and 
insulation of such control monitor circuits employs AM modulation 
method (fixed modulation frequency). Block diagram of insulation 
circuit is shown. It includes a circuit for delivering output voltage 
from the satellite potential which varies output current with 
magnitude commands from the discharge power source itself and controls 
closed loop for main cathode vaporizer power source. The composition 
is shown in Pig. 4.31. 

(3) Main cathode heater power source 

This is for heating cathode hollow cathode in the discharge 
cheirifaer at start, and supplies the maximum of 36W AC power to heater 
wire at the hollow cathode chip. Actual circuit is of push/pull type 
inverter which is not stable and controls electric current only when 
cold-starting the heater. Composition is shovm in Pig. 4.32. 

(4) Main cathode keeper power source 

This power source is for starting and maintaining discharge in 
the main cathode. As shown in the specifications, it supplies power 
of 300V and 5mA at start and 15V and 0.3A during steady operation. 
Drooping characteristic of load is also required. The circuit uses a 
push-pull converter and the drooping characteristic of output is 
obtained by combined use of choke coil and transistor constant current 
switch circuit. Circuit composition is shown in Pig. 4.33. 

(5) Main cathode vaporizer power source 

This power source is for producing necessary amount of gas mercury 
from liquid mercury for engine operation* It needs to be able to 
control a closed loop for stabilizing the amount of mercury vapor in 


the main cathode. The circuit employs a push-pull inverter which 
controls pulse width and the closed loop control can be set by 
magnitude commands in the constant current AC power source. Composition 
is shown in Fig. 4.34. 

(6) ITeutralizer heaer power source 

This is for heating neutralizer hollow cathode^ supplying mascimum 
of 25W-AC output to heater wires. Circuit composition is similar to 
that of main cathoder heater power source t a push/pull type inverter 
with unstable output voltage. 

(7) Neutralizer keeper power source 

Power source for starting and maintaining discharge in the 
neutralizer# it supplies power of 300V and 5mA at start and 24V and 
0.25A during steady operation of ion engine. As with main cathode 
keeper power source# drooping characteristic of load current is 
required. Circuit composition is also similar to that of main cathode 
keeper poi</er source (See Fig. 4.33). 

(8) Neutralizer vaporizer power source 

This circuit controls the amount of gas mercury passing through 
neutralizer and its composition is quite similar to that of the 
vaporizer power source for main cathode (See Fig, 4.34). 

(9) Insulator heater power source 

This power source prevents liquefaction of mercury vaporized in 
the cathode vaporizer. Circuit system is that of unstable push/pull 
inverter. 

(10) Auxiliary power source 

This power source supplys power to the 10 power drive cuicuit 
control circuits described earlier and logical circuit. Composition 
is shov;n in Fig. 4.35. 
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as described above, the power source device consists of 10 power 
source circuits, auxiliary power source, master oscillator, telemetry 
circuit, monitor circuit, etc. In order to reduce power consumption, 
C1HQS~IC is used in pulse width control and varying elements in the 
converter/inverter units? and screen grid/accelerator grid power 
source and discharge power source, because of their large output, use 
drive transformer for higher efficiency. 

Following points were considered in designing. 

(11) Insulator circuits 

Insulator circuits are required in the current telemetry circuit 
of discharge power source and cathode keeper power source, because 
their output are floated at the screen grid potential. Discharge 
current, discharge voltage and main cathode keeper current are detected 
at the screen grid potential, accurately converted to the satellite 
grounding potential and sent out as output control or telemetry signals. 
A combination of pulse transformer and vA'-FA' converter was planned 
in the preliminary design stage, but it was discovered, during a 
combined test of engine and power source device, that faulty movements 
could occur when the load change and V/P converter output cycle 
reached the same level in the semi-stable condition theoretically held 
by the engine unit. Therefore, AM modulation method was employed 
despite its added weight. The comps sition of the circuit is shown 
in Fig. 4.36. 

(12) Primary and secondary power source insulation 

While it is necessary to insulate primary and secondary power 
sourc'js with insulation resistance of over IM/Z, all power source groups 
in the device are secondary and the entire control system is grounded 
with secondary power source. Thus, as the primary side of the push/pull 


- 148 - 



converter is grounded with primary power source and the control system 

of above-descrihed output detection# error amplification# etc, is 

grounded with secondary power source# it is necessary to place a 

circuit having a resistance of over IMja and which transmits signals 

somewhere in the power source circuit. Such a system can be that of 

transmitting analog amount or transmitting digital amount. In this 

power source device# the latter proves superior both in accuracy and 

* 

stability# due to the use of switching regulator. As a transmission 
element# pulse transformer and photo coupler were considered. Photo 
coupler was chosen because of its power consumption. The circuit is 
shown in Fig. 4.37, 

(13) Telemetry exchange circuit 

Telemetry required by the specifications can be classified into: 

i) DC current and voltage telemetry 

ii) Power telemetry 

iii) AC currant telemetry 

iv) Temperature telemetry# and 

v) Dielectric breakdown telemetry. 

Design points are as follows. 

i) DC current and voltage telemetry 

They are either at the satellite potential# such as beam 
current and beam voltage# or floating at the screen 
potential, such as discharge current aid voltage. 

Discharge voltage and current share the insulator circuit 
used for control# but the main cathode keeper current 
requires an exclusive insulator circuit. Linear IC was 
employed for current telemetry# as resistance was required 
for current detection and the sise of detection resistance 
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greatly affected the power source efficiency, and to 
secure an appropriate output impedance. Amplifier was 
also used for measuring voltage, 

ii) Power telemetry 

This applies to main cathode heater power and neutraliser 
heater power. It uses primary side current, detected 
and adjusted, and a circuit system which amplifies current 
telemetry signals with auxiliary power source which has 
been insulated from signal return and primary power source 
return. Advantages of this system is that the isolation 
between the primary power source return and signal return 
is complete and that voltage drop due to primary power 
source return is not added to the current telemetry 
signals. 

iii) AC current telemetry exchange circuit 

This applies to the main cathode and neutralizer vaporizer 
current telemetry, AC current is detected and insulated 
by current transformer, exchanged to DC voltage by an 
effective AG - DC voltage converter and then sent by IC 
having a required amplification, 

iv) Temperature telemetry 

In a temperature measuring circuit, temperature measuring 
element is determined by the temperature of the point to 
be measured or by the shape cf the mounting area. The 
element then becomes a factor in determining a circuit . 
Main cathode vaporizer and neutralizer vaporizer 
temperatures are measured by a thermocouple, and heat 
sinkC?) and the standard vaporizer temperature are 
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measured toy a ttoermister, Thermocouple requires a cold 
junction compensator which requires an exclusive power 
source and is also heavy in weight. Instead, the cold 
junction side of thermocouple was measured with thermister 
and thermocouple output was adjected toy its output, 
v) Dielectric breakdown number telemetry circuit 

Beam current and accelerator currant are detected inside 
the power source device and sent to sequence status area 
of the power source control device through Schumit 
trigger circuit of CMOS-IC having a set threshold. 

(14) Monitor circuit 

This circuit monitors movements of the engine unit toy the output 
of its power source device, converts it to binary signals of HIGH/ltOW 
by the threshold value and sends them to power source control device. 
The circuit uses a comparator circuit of linear 1C and its threshold 
value is determined toy the standard voltage of constant voltage diode. 
Each telemetry output is used as an input for the monitor circuit,, 
and, for the transient state peculiar to ion engine, excessive 
response is prevented toy inserting a primary delay element in the 
input side of the circuit. 

(15) Protective circuit 

This circuit detects beam current and accelerator current and 
shuts off screen grid/accelerator power source and main cathode 
vaporizer power source when excessive currant comes in. It turns them 
back on again after a certain time. In consideration to the slow start 
function of output voltage of tooth high voltage power sources, it 
permanently shuts off the sequence when the overload reaches 12 times 
per 46 seconds. Circuit composition is shown in Fig. 4.38. 
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(16) Master oscillator 

Generally# reduction in weight can he expected as switching 
frequency of power source is increased, hut its efficiency lowers due 
to increased switching loss of diode and transistor against the total 
loss. In each DC power source, frequency of 20kHz from the oscillator 
is divided in two hy flip-flop to drive the push/pull converter. The 
same 20jkHa is divided in two and the requiting lOkHz is sent to each 
AC power source and divided again in two by flip-flop to drive a 
push/pull converter. Oscillation frequency of the 10 power sources, 
atrziliary power source, insulation circuit and power source in the 
power source control device was all singularized in order to prevent 
interference between power sources and to simplify EMI countermeasures. 
Each frequency of 160kHz, 401cHz, 20kHz and lOHz, used in the basic 
oscillation circuit, is devided from the main source oscillation of 
160kHz hy CMOS flip-flop, or (missing word) and sent out. Its 
composition is shown in Pig. 4.39. Accuracy of oscillation frequency 
can be evaluated mainly hy its temperature characteristics which 
depend on threshold value of CMO-IC, power source voltage, protective 
diode of gate, resistance, temperature characteristics of condenser, 
etc.# and is kept at ±3% in consideration t© average temperature 
increase within the baseboard and design temperature range. 
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Table 4.27 Thrust 
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Fig. 4.3p Block Diagram of Screen Gri<l and Accelerator Grid 
Power Source 


Bus power- 


Booster 

I — 

Chop per 

regulator 


Push/pull 
inverter “ 
circuit 


Rectifier — 
-smoothing^ 
circuit — 


Accelerator 

'grid 

'Screen grid 


Chopper 

Drive 

circuit 


Clock signals 
ON/OFFwi 

signals 

Reference 

voltage 



Push-pull 

drive 

circuit 


Pulse width 

-.^njfcxol 

excess current 
protection 
circuit 


Telemetry 
exchange - 
circuit 


Error | 

amplifier- 

circuit 


•Telemetry output 


Fig, 4«31 * Block Diagram of Discharge Power Source 
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Pig, 4.32 Block Diagram of Cathode and Neutralizer Heater Power Source 
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Pig. 4-33 Block Diagram of Cathode and Neutralizer Keeper Power Source 
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Pxcf, 4,34 Block Dxagrani of Cathode and Neutralxzer Keeper Power Sources 
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4r..35 Block Diagram of Auuciliary Power Source 
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Lq» 4.36 Block Diagram of insulator Circuit 
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Lq. 4.37 Insulation of Primary and Secondary Power Source 
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4_*_38 Block Diagram of High-voltage Dielectric Breakdown 
Protective Logic Circuit 



ON/"OFF 




4. 3 .,2 BlectricaX Design of Power Source Control Device 

Block aiagram of power source control device is shown in Pig. 4.40. 

(1) Command interface unit 

This unit has 4 selector commands and 5 executing commands as 
discrete commands; and one action command and 3 reference value set 
commands as magnitude commands. Selector commands send the engine 
unit selector signals to power control unit and telemetry switch unit 
hy memorizing contents with a latching relay and supplying DC+28V hus 
power to the power source unit and the specified power sources in the 
power source device. Execution commands send the contents to the 
power source control unit. 

(2) Power source control unit 

This unit receives command signals from the command interface 
and monitor signals from the power source unit, and controls the 10 
systems in the power source device according to the set sequence flow. 

It also sends status telemetry for monitoring progress of sequence 
flow to the sequence status unit. Block diagram of the power source' 
control device is as shown in Pig, 4.40. Control circuit receives 
command signals, monitor signals, sequence counter signals, etc., 
determines where in the split sequence flow they should go and sends 
the corresponding sequence signals, upon receiving such signals, 
sequence counter circuit sands corresponding split sequence counter 
signals. Control circuit sends timer sat signals to the timer circuit, 
which sets time to stop the progress of sequence flow. Control circuit 
also sands power source control signals of the 10 systems to OK/OPP 
level signal register. 

Power source control unit, under a tuning system, resets sequence 
counter, OU/OEP, level signal register, etc, in tune with the clock 


to control the sequence in power source device. Thus, by stopping 
the clock, the counter and register cannot be reset, consequently 
stopping the sequence control. This enables to prevent faulty 
movements due to noise when high voltage power source is applied by 
stopping the block. When the conditions for high voltage application 
are no longer satisfied, monitor signals from the power source device 
detect it and restart the clock to control the device according to a 
set flow. Pig. 4.41 is a basic timing chart of the power source 
control unit whose actions are summarized as follows. Monitor signal 
(signal e) is received at a certain point and sequence counter set 
signal (signal f) is sent. Upon receiving signal c, timer circuit 
stops clock b by sending a clock stop signal (signal d) to clock 
stopping circuit for a set duration. Signal d is withdrawn after the 
set duration, and with the start of the clock the sequence cointer, 
circuit sends a set counter signal (signal g) to the control circuit 
which in turn sends control signals (signal h) to the OHS/OFF level 
register. Upon receiving signal h, the register sends out power 
source control signal i at the fall of clock b. 

(3) Telemetry switching unit 

The unit selects analog telemetry signals from the two power 
source devices with selector signals of the engine unit and sends them 
to the telemetry encoder. 

Analog signals can be switched by either a relay system or analog 
switch system. Latching relay shown in Pig- 4.42 was used for cathode 
heater power telemetry and analog switch, shown in Pig. 4.43, was used 
for others . 

Switch aircuit for digital signals uses CMOS-IC and its 
composition is shown in Pig. 4.44. 
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Pig. 4,41 Basic Timing Chart of Power Source Control Unit 
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4.43 Sv;itch Circuit for Analog Telemetry 
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4.44 Switch Circuit for Digital Telemetry 
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4*3.3 Structural Design 


Thicicness of structural materials was reduced for less weight 
and the number of parts was reduced for less number of screws. Also, 
monologue construction was employed in view of problems with BMl and 
reduction of weight was aimed by the use of thin printed substrate 
and by simplifying supporting structure. 

Internal structures of power source device and power source 
control device are shown in Pig. 4.4S and Pig. 4,46, respectively. 

Dead analysis and oscillation analysis were made for the 
structures designed according to the conditions required by the 
specifications , 

Analysis values of natural oscillation of the power source device 
are given in Table 4.29 and those of power source control device are . 
given in Table 4.30. 

Load conditions of stress analysis and the analysis results are 
given in Tables 4.31 and 4.32. Required safety factor is over 0. 

Results of analysis of printed unit for the power source control 
device and power source device are as shown in Table 4.33. 

In the power source device, a potted insulator amplifier was 
placed in the center and used as a strength member, which increased 
the rigidness of the device. In the power source control device a 
highly rigid material was also placed in the center. Electrical parts 
were fixed on this material and further, the printed substrate was 
connected by a spacer. By doing so, primary natural oscillation 
increr?ed to 4111 Hs, 
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Ficr» 4.46 Internal Structure of Power Source Control Device 
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Table 4.30 Natural Osaillation of Power Source Control Device 
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Table 4.31 Safety Factor of Power Source Control Device 
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Table 4.33 Results of Printed Unit Structural Analysis 
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4,3,4 Heat Design 


Temperatujre of mission panel II, onto which power conditioner 
is mounted, is controlled to 0 - 40G, 

Power conditioner is heat-controlled hy a passive method where 
heat is dispensed from the base plate to the mounting face of the 
satellite, as shown in Pig. 4,47 and Pig, 4.48, 

In the power source device, transformers, choke coils, etc, 
which are heavy and consume large amounts of electric power are blocked 
by potting and glued to the base plate, instructural consideration to 
vibration and shock. Power transistor is placed as close as possible 
to the base plate, RMS/DG converter generates a large amourt of heat 
and, when used thermally unprotected, exceeds allowable temperature 
of parts. Therefore, RI^/DC converts were mounted in such a way. that 
the back was in tight contact with the chassis' side plate to release. . 
heat, as shown in Pig. 4,49. Inside the printer unit, parts ware 
arranged on the base plate in the way that heat could not concentrate. 
Power source control device was designed for efficient radiation, 
by placing choke coil and transistor whose power consumptions are 
relatively large close to the base plate. By using a 4-ply multi- 
base plate for printe.d substrate, temperature is uniform and those 
parts with large calorific values do not turn into heat spots. 

Arrangements of main electronic parts which make up the power 
source device and power source control device are shown in Fig* 4.50- 
and Fig, 4.51, respectively. Heat generated by those jelectronic 
parts during operation and the analysed temperature of each nodal 
point are given in Table 4,34 and Table 4,35, 
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Ficf» 4.49 Mounting Msthofl of 
RMS/DC Converters 
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Table 4.35 Power Source Control 

Device Analysis Results 
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4.3.5 Reliability Analysis 


Reliability block diagram# reliability estimation model and 
reliability block diagram of power source device are shown in Pig, 4.52, 
Power source device block can be divided into 17# all of which are 
series connected. 

Power source control device block is divided into 8 which are 
also series connected. Reliability block diagram of the power 
conditioner is as shown in Pig. 4,54, 

Estimated reliability values are given in the block diagrams. In 
accordance with HASDA SPC-1318# operating time was 150 hours# stand-by 
time was 8610 hours# and breakdown rate during stand-by period was set 
at 1/10 of that during operation. M1L-HDBK-217B data was used in 
calculating breakdown rates of parts. As parameters, surrounding 
temperatures were set at 60C around heat sink# 75C around potted area, 
and 85C for other parts# based on the results of heat analysis. 
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4.53 Power Source Control 
Device Reliability 
Estimation Block 
Diagram 


4.54 Power Conditioner 
Reliability Block 
Diagram 
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4,3.6. Development Tests 

Engineering model was tested in order to check the functions and 
performances required hy the development specifications/ to he 
reflected in design details. Following tests were given. 

•Punction/performance test 

•Electromagnetic compatibility test 

•Temperature test and vacuum test 

•Vibration and shock test 

Some problems which came up are explained below. 

(1) Efficiency of screen grid/ accelerator grid power source 
was low. 

Efficiency drop was caused by a low self-resonance frequency of 
converter transformer which created capacitive impedance at the 
frequency used, causing excessive charge current to flow when the 
switching transistor was ON. Ss a meastire, self-resonance frequency 
was specified in the transformer specifications for subcontractor. 

The circuit was also test-produced separately to check its efficiency 
and to confirm that there was no impact after PM (meaning unclear - 
translator) , 

(2) Faulty movement of sequence flow occurred during short-circuit 
test of high voltage circuit. 

Noise mixed into discrete command signal line during short-circuit 
of power source was thought to be the cause. Integrating circuit was 
added for signal input, 

(3) Measured values were above the specified values in the 
lOOKHz - lOKHa range during transmission interference noise test of 
power source line. 

Faulty design of power source line filter was the cause. Choke 



coil was added to the power source line, 

(4) Ripple voltages of PS5 and PS8 did not meet the standards. 

Ripple values were 2% over the specified values, due to reduced 

output capacity for suppressing rush current at keeper ignition. 
Studies confirmed that this would not present any technical problems 
when incorporated into the engine unit# and thus# ECP(?) suggestion 
was made. 

(5) In response to the axial directional shock during shock test# 
relay transferred by 0.3ms. It returned immediately# however. 

Point of relay contact transferred (1800G# 0.3ms applied) for a 
split second due to shock. No transfer occurred at under 1216G when 
relay alone was tested and there was no problem at the shock level 
of 900G# 0.3ms# in PM. Thus no action was taken. 

(6) Faulty action of discrete command 

, Relay in receiving circuit acted faulty to discrete command 
signal. Diode was added to the receiving circuit in a tedious system. 

All other test results satisfied the required conditions. As a 
reference# measurements of radiation noise made during electromagnetic 
compatibility test of power source device are given in Pig. 4.55. 





4.4 Sub"svstems 

For the two components of ion engine system - power concSitioner 
and the ion engine unit - independent component tests were performed 
using artificial loads and power sources. Here# results of tests 
given to the combination of the two components to check their 
compatihility and the overall performance of ion engine, as well as 
to establish testing methods, are discussed. 

Following tests were given. 

•Electrical compatibility test 
•Measurement of thxxist 
•Measurement of beam diffusion angle 
•Heat vacuum test 

•Electromagnetic compatibility test 


4.4.1 Electrical Compatibility Test 

Electrical compatibility between the ion engine unit and power 
conditioner was checked under the configuration shown in Pig, 4,56. 

An example of the results of varied parameter test is shown in Pig. 4.57 
Also, main characteristics of different combinations of ion engine and 
power conditioner tested are shown in Table 4.36, 

Compatibility test brought out the following two points to be 
reflected upon PM. 

i) Control of closed loop to neutralizer vaporizer power source 
for controlling neutralizer keeper voltage was not compatible 
with the characteristics of the neutralizer, causing a positive 
feedback which stopped neutralizer discharge. 

Changes in neutralizer keeper diameter (Ijzf - 2fd) and output 
range (0,4-1. 5A - 0.5-1.2A) of the neutralizer vaporiser power 
source were made. Details are given in Section 6.2. 
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ii) In some cases/ excess current protection of lEP beam power 
source and accelerator power source was too sensitive and 
the transient caused protective logic to act. Time constants 
were tberefore reviewed/ and/ as a result/ unserviceable time 
of protective logic when high voltage was thrown was changed 
to 1.6 sec. and the protective logic monitor time constant 
for PS 2 in steady state was changed to 100ms. 


4.56 Configuration of Punction/performance Test 
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4.4.2 Measurement of Thrust 


Although thrust was measured during lEE component test# it used 
different pox^er sources. Therefore, thrust was measured again in IBS 
using the configuration shown in Pig. 4.58, and compared against 
computed values. Measured and computed values are shown in Pig, 4,59. 
The figure shows that the measured values fall within 90% of computed 
values, similar to the results with lEE component (See Section 4, 5. 7 (5)). 


Fig. 4.58 , Configuration of Thrust Measurement Test 
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4.4.3 Measurement of Beam Diffusion Angle 
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Beam diffusion angles of mercury ion plume in IBS were checlced. 
Test configuration is as shown in Pig. 4,60. Measurements made with 
discharge voltage Vd and discharge current Id as parameters are shown 
in Pig. 4.61. Beam diffusion angle is the half angle of a cone 
covering the distance scanned by 95% of all ion current. Maximum 
diffusion angle was 27.3°. 

Pier. 4.60 Configuration of Beam Diffusion Angle Measurement Test 









4.4.4 Heat Vacuum Test 
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This test is for checking IBS functions under an environment 
similar to that of steady orhit. IBS was installed in a heat controlled 
box and mounting area of each component was maintained at required 
temperature by a heat control device. Test configuration is shown in 
Pig. 4,62. Heat control box controls temperature with methyl alcohol 
as a refrigerant. In this test, neutralizer keeper voltage gradually 
rose in IBB(l), and eventually reached a state where there was not 
enough power from IBP to maintain neutralizer discharge (Pig, 4,63). 

This was thought to be due to deterioration of hollow cathode, caused 
by exposure of engine to air under high humidity. Thus, after PM, 
strict standards for air exposure time and humidity were set, and 
output of neutraliser keeper voltage was increased in case of emergency. 

In order to continue the test, regular power source was connected 
in series to neutralizer keeper power source as a temporary measure 
to add power. Pig. 4.64 shovrs the results of the heat vacuum test. 

As clear from the figure, IBP controlled IBB normally. 


Pic, 4.62 Configuration of Heat Vacuum Test 
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Fig. 4.63 Deterioration of Neutralizer 
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Fig, 4.64 Results of Heat Vacuum Test 
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4«66 Ion Engine during In jection (electromagnetic compatibility 
test) 


4.4. 5 Electromagnetic Compatibility Test 
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This test was given under the configuration in accordance with 
MIL-STD-462» whoen in Fig. 4.65. Engine was placed in a glass 
cylinder of SOOii x 1000mm to allow for permeation of radiated 
electromagnetic wave. No problem was observed in neither transmission 
interference noise nor transmission sensitivity in power source lines. 
Measured results of electric field radiation are shown in Fig. 4.65. 
Off-standard values are seen sparingly in the narrow band of under 
IMHz and the wide band of under lOMHz, but noise around VHF S-band in 
TTC system was below background level. As the off-standards were 
within the range that could be absorbed the the satellite system, 
changing the standards was decided. 

lES functions were normal in the electric field radiation 
sensitivity test. Magnetic field radiation and magnetic field 
radiation sensitivity also satisfied the specification. Fig. 4.66 
shows the ion engine during injection inside the glass vacuum container 











4.5 Ground Suonort Eouxpments 


Ground support eqiupments necessary for the ion engine system 
tests are listed. Those required for the engine unit are shown in 
Table 4,37, and those for power conditioner, in Table 4,38, Other 
equipments used are a heat control box and glass vacuum container 
(600p!^ X 1000mm), etc, for lES tests, and a mercury detector (0,005 ’* 
0,lmg/m^, 0,03 ~ Img/m^) for safety management. 

Ion engine injection was tested using facilities at the National 
Aerospace Laboratory and Electrotechnical Laboratory. Facilities 
used are listed in Table 4,39, 




Table 4.37 Ground Support Equipments for Ion Engine Unit 


ioment 


Container for 
transporting 
and storage 


Container exhaust/ 
nitrogen gas 
purge device 


Nitrogen gas 
purge device 


Mercury/nitrogen 
gas charging/ 
discharging device 


Snecifications 


Sizet large enough for one engine unit 
Withstand pressures Skg/cm^abs 
Allowable leakages under 1 x lO^Satra cc/sec 
It should have an opening for connecting with 
a container exhaust /nitrooen eras nurcre device 


Container exhaust capaextys Connected to the 
container for transport and storage, it should 
be able to exhaust the container to the degree of 
vacuum of less than 1 x lO^^uorr. 

Purge flow; Connected to the container, it should 
be capable of nietrogen gas purge at the rated 
10j2/min. 


•Purge flow; rated 120cc/min. 

•Connected to the engine unit via a purge container 
it should be capable of nitroaen cas puroe. 


It should be capable of charging mercury and 
nitrogen gas to engine unit. 

Mercury charging capability; 1kg. Minimum 
reading, 2g. 

Nitrogen gas charging presstire; Max. Skg/cra^abs 
It should be capble of discharging mercury from 
the engine unit. 

Amount of mercury discharged; Ifex- Ik 
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4, Storage 
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and test of lamp the con- 
power source trol functions 
control of power 

device (com- source control 
ponent) and device 
printer unit 


Indicates with I Output 
lamp the con- Clock oscillation: 

40Hz lOVo-p 
Monitor signals: 

5 items *'0"0.5V±0.5V 
‘’1”10V±2V 

Indicators : 

ON/OPP signals - 10 
Level signals - 8 

Program counter 
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and test of 
power source 
units in 
power source 
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trol device 
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Table 4.39 Facilities 


Facility or 
ecmipment I * 


1. Ion rocket I ETL 
test stand 


lES I Punct ion/per form- 
ancCi EMI, heat 
vacutim and long- 
mode tests of IBS 


lout line 


Exhaust 5500 Vs 
Degree of vacuum in test 
over 2xl0“®Torr 
TJSto consumption 400j2/da 


2. Shield room ETL 


lES Obtaining lES 

char act eristics 
and data on EMI 


4.5rc X 3.9m x 2.5m 
Attenuation : 


SaOHlk ladB 
aSHH« 494B loao • 29* 

2.Q • 95 - 2000 • 31 * 


3. EMI raeasure-i ETL 
ment device 



IBS [Obtaining EMI 
data 


Spectrum analyzer 
Current probe 
Bi-conical antenna 
Test antenna 


lES Recording and in- ’Teletype 
dicating telemetry ’Display 
information from •Mini-computer 
IBS by teletype 
instructions 


5. Multi-point ! ETL 
temperature 
measuring - 
instrument 


IBS 1 Measuring tem- 
perature of each 
part of lES 


Total 20 channel 


6. IBS automat- NAL 
ic control 
device 


IBS I IBB component 
test 


uiat 
er s 
ords 


7. Ion engine HAL 
test power 
source 


8. Electric I NAL 
propulsion 
test facil. 


9. Electric NAL 
propulsion 
vacuum tank 


10. Thrust meas- NAL 
urina device! 


lEE ! lEB component 
I test 


lEE Tesing functions 
IBS and performances 
,of lEE and lES 



lEE I Measuring thrust 
of lEE 


Building 


Degree of vacuum reached 
over lxlO"5Torr 
Internal shroud wall temp. 
-185C 

Set temp, range of baseplate 
40’v60C 


'Detection range O.I'vjS 
‘Detection accur ac 


(continued to next page) 






































11. Beam diffu- 
sion angle 
measuring 
device 

NAL 

lEE 

Measuring beam 
diffusion angle 
of lEE 

Detected ion current 0.1 - : 
Deicection accuracy j £.± 5 % 

12. EMI measur- 
ing device 

NAL 

1 

lEE i 

1 

EMI measurement 
of lEE component 

•Spectrum analyzer 
•Current probe 
•Biconical antenna 

13. Clean booth 

NASDA 

lEE 

lES 

Maintaining work 
environment 

3.5 X 2.x X 2.2H(m), 
Class 100,000 

1 

14. Ion engine 
simulator 

1 

ETL : 

lEP 

■ 1 

] 

Adjustment and i 

test of lEP 

Dynamic load of 10 systems 


* NASDA : Nat ' 1 Space Development Agency 
ETLs Electrotechnical Laboratory 
NALj Nat'l Aerospace Laboratory 


XEEs Ion Engine Unit 
lES: Ion Engine System 
lEPs Power Conditioner 
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Chapter 5; graduation Tests 


5.1 Outline of Tests 

Prototype Model (PM) was produced according to the detailed 
design finalized with the Development Test results. Qualifying Tests 
were given to this PM to verify the design and to study the propriety 
of production process. Due to some major problems discovered, the 
production process, test methods and procedures, lEE/IEP interface, 
etc, were re-examined, results of which were reflected in the Plight 
Model (FM) subsequently produced. Acceptance tests were then given 
to the FM. A problem with neutralizer during oscillation test, 
relating to production process, was solved by replacing it, and 
thus, the FM was found to meet flight requirements. 

Tests were carried out consistently in the order of component 
test and evaluation of ion engine unit (lEE) and power conditioner 
(lEP) , and then test and evaluation of the ion engine system(IES), 
a combination of lEE and lEP, Progress of test process was shown in 
Table 2,3. Each test was given for two units of each component 
({lEE{l), IBE(2)J , [iBP(l), IEP(2)i , and{lES(l), IES(2)]), 
although test subjects were not necessarily the same. Subjects 
and the flow of Qualifying Tests are shown in Table 5.1 and those of 
Acceptance Tests are shown in Table 5,2. Configuration for each test 
subject is basically the same as in Development Tests. 
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Table 5.1 

Plow of Qualifying Tests 
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5.2 Qualifvincf Tests 


5.2..1 Engine Unit Qualifying Tests 

(1) Structural design evaluation 

Basic natural oscillation was almost liie same as that of EM 
(Table 4.20), satisfying the requirements of over lOOHs. 

Structural design was checked by sine wave oscillation and 
random oscillation tests. Five cases of problems occurred. 

Conditions and causes of the problems and countermeasures taken are 
shown in Table 5.3. Ml related to hollow cathode assembly, 
requiring improvements in the production process of PM. In PM, 
hollow cathode was replace and test was continued. 

(2) Heat design evaluation 

Propriety was verified by heat vacuum test. Table 5.4 shows the 
minimum temperature in non-motion and maximum temperature- in motion. 

(3) Performance design evaluation 

As noted in the previous chapter, after EM, improvements were 
made in heat properties of main hollow cathode vaporizer and the 
diameter of neutralizer keeper hole was increased (from lJ^^ to 2pf) , 

Performance tests of engine unit were carried out using power 
sources for ground testing. 

For performance characteristics in steady state, data was obtained 
by maintaining mercury flow in the main hollow cathode at (0.9±0.2) x 
lO^^g/s and (0.1±0.05) x 10"^g/s in the neutralizer hollow cathode. 
Interface with lEP was checked with power sources artificially 
equipped with lEP output characteristics (PS5 and PS8) and closed 
loop control (PS6 and PS9) . Obtained data are shown in Table 5.5. 
Performance characteristics in steady state satisfied the requirements. 


Examples of operating conditions are shown in Fig. 5.1. in (b) , 
beam injection state was reached about 16 minutes after start. 

Thrust was indirectly measured, 95% of which met the calculated 
ideal values. 

For operation in a transient state, results showed improvements 
over EM. During interface check of lEB(l), however, discharge could 
not be maintained due to problems in controlling neutralizer hollow 

s 

cathode keeper discharge, which caused unstable point of action in 
discharge. The causes were: 

i) Keeper voltage was high at rated flow; 

ii) Keeper voltage was high at a point where it was supposed 
to be at its minimum in relation to vaporizer flow; and 

iii) Current/voltage characteristics of keeper discharge were 
close to those of power source output. 

They were presumably due to vuiuniform characteristics of the 
neutralizer hollow cathode which was then replaced by another 
neutralizer hollow cathode having none of these factors. Selection 
standards for such hollow cathodes were established before the 
production of FM(See 5.3.1). 

(4) Record of problems 

Summary is given in Table A2.1 in Appendix. 
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Table 5.3 Oscillation Test Problem Situations/Causes/Gountermaasures 


I 


Breaking o£ 
thermocouple in 
lEE(l) (main 
hollow cathode) 


Situation 


Cause 


Countermeasure 


•Breaking near the area •Comparing with IEE(2), 
brazed to vaporizer. clamp was not effective - 
•Clamp was not affective direct cause, 
at a point about 5mm •!£ there is no clamp 
f3X>m the breaking point, effect, stress applied to 

the breaking point is 
severe, with stress con- 
centrated on brazed area. 


Strengthen clamping in the 
designated area. For added 
safety, clamp end section on 
the tank support. 


Breaking of -Twist observed at 

cathode heater breaking point, 
lead in IBE(2) 

(main hollow 

cathode) 


•Terminal was rotated 
during assembly, causing 
a twist and consequent 
deformation. Stress con- 
centrated on this area. 


Install spanner working face 
in the terminal to prevent 
rotation. 


I 


Breaking of insu- -Breaking at the edge 
lator sheath of brazed area. 

heater in lEE(l) 


•Stress concentrated on a Observe mechanical procedure 
slight crack in the strictly and enforce 

brazed area. appearance test. 


Breaking of va- 
porizer heater 
neutralizer 
hollow cathode) 


•Breaking at the edge 
of brazed area. 


•Stress was applied to the 
area -near the breaking 
point during installation 
and removal, loosening 
the clamp and causing the 
stress to remain. 


Provide instructions not to 
apply stress to this area 
during work. 

Make sure clamp is tight. 


Slipping of cath- 'Spot-welded part of the -Faulty spot-welding, 
ode shield in lEE heat shield came apart. 

(1) (main hollow 
cathode) 


Check spot-welding conditions 
after welding, as well as 
before, as required. 

Inspect all of the welded 
items. 


BabXe 5,4 Minimum and Maximum Temperatures 


Non-motion, low temp, in-motion, high-temp 
heat balance test rheat balance test 
Base plate - - • Base plate 


Engine unit temp. 


Tank temp. 


vaporizer* temp.i -i— 

3:14, 4/23/80 data: 
IBB(2) 18:00, 5/6/80 data 


3T results 
IBflll/IBEB) 

BM 

-221C/-211C 

-191C 

-21T;/-181C 

-16lC 

-211C/-191C 

-lOlC 

-1710/’-l4lC 

-20lC 


value 


-131C 


-1 sic 


991C/1061C 


i&C/ 771C 


lOOlC 


681C 


^|t*iBB(i) 11:50, 4/23/80 data 
I EBB) 7:00, 5/7/80 data 


















Table 5.5 Engine Unit Characteristics & Performance Data (PM) 


Characteris'ti.GS an<3 



Performance 






Voltage/current s 

KV/raA 

0.99/26.9 

0.9 9/2 7.1 

-0.99/292 

0.99/28.5 

Accelerator grid 

a 

“1.0/0.4 1 

-i 0.0/0.37 

-1.0/0.1 8 

-1.0/0.33 

Discharge 

V/A 

3a6/0.35 

4 P.0/0.3 5 

421/0.35 

39.9/0.35 

Main noilow catnoda: 
Cat!lioda heat air 

it 

— 

- 

— 

— 

Keeper 

it 

17.1/0.3 

17.6/0.24 

lS.5/0.30 

16.8/0.26 

Vaporizer heater 

a 

299/1.78 

292/1.78 

266/1.59 

29/1.74 

Neutralizer hollow cathode:' 

tt 

— 

— 

— 

— 

Keeper 

tt 

24.2/0.2 4 

2 4.5/0.24 

20.4/0.25 

24.5/0.24 

Vaporizer heater 

a 

126/0.75 

1.10/0.66 

1.47/0.8 5 

1.10/0.65 

Insulator heater 

M 

256/0.99 

25 0/0.9 9 

26 5/0.99 

265/0.99. 

Temperature : 

Main hoi. cath. vaporizer 
KTeut. hoi cath. vaporizer 

■c 

28 5.7 

281.5 

26 4.5 

269.9 

tt 

236.2 

218.0 

229.7 

19 5.1 

Engine unit J 

ft 


74.8 

7L7 

5 9.3 

Tank 

tt 


41.0 

4 0.0 

29.4 

Base plate 

tt 

20.2 

20.0 

20.8 

20.8 

Shround 

tt 

-168 

-178 

-162 

—168 

oathoae 

Neutralizer hollow cathode 

xio'*'G4ee 

0.884 

0.793 

0.977 

1.1 1 

ft 

0.098 

0-062 ^ 

0.0 98 

0.039 

Thrust 

gwt. 

0.176 

0.177 1 

0.192 • 

0.187 

Specific impulse 

sec 

1990 

2226 

1956 

1680 

Power consumption 

W 

60.9 

60.2 

625 


Propellent util, efficiency 


eao 

7L0 

62 

53 

Power efficiency 
Beam diffusion ancle 

tt 

427 

4 44 

46.3 

45.8 


220* 


— 
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Engine Operating Conditions (PM lEE(l)} 
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5 . 2,2 Power Conditioner Qualifying Tests 


Qualifying Tests of power conditioner were completed without a 
single case of problem. Measured output of power sources (dummy load 
was used) in the heat vacuum test are shown in Table 5.6. As 
temperature fluctuation was large among unstable-type power sources/ 
allowable range of output fluctuation was adjusted taking interface 
with engine unit into consideration. There was no other problems 
and it was thus concluded that the power conditioner could well meet 
the environment tests on the Qualifying Test level. 

Table 5.7 shows the breakdown of weight. 


Table 5.6 Thermal Vacuum Test Results 
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Table 5.7 Weight of Power Conditioner 

Power source control device 3.58kg 

Power source device #1 6.60kg 

Power source device #2 6.65kq 

Power conditioner 16 . 83kg 
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5.2.3 Ion Engine System Qualifying Tests 


Test configuration was the same as that of Development Tests: 
lEP was placed outside the vacuum tank during function/performance 
tests (See Pig, 4.5.6) and placed inside during heat vacwam test and 
long-mode test# providing the same conditions as on-hoard {See Pig. 
4.62) . 

(1) Punct ion/performance tests 

During the tests# a problem occurred in which output current of 
a discharge power source (PS3) latched at 5-6+ kiA immediately after 
the start of main discharge. This was due to insufficient ' spare 
phase in excess current discharge circuit of PS3 which caused faulty 
action whes^i discharge waveform was unstable# and it was solved by 
returning the constant in RC circuit to the same value as in EM. 

Next problem was that the neutralizer hollow cathode of Unit 
No.l could not be ignited by the neutralizer heater power of lEP. 
Details are given in Section 6.4, In conclusion, output of 
neutralizer heater power in PM was raised to the minimum of 5.25V, 
and at the same time# test procedures and measures to minimize 
deterioration of hollow cathode caused by grim during ground testing 
were employed. On the other hand, the neutralizer of Unit No. 1 has 
had a history of having slight problems with ignitability in the lEE 
eomponant test (Table A2.1, item 12). Thus# Qualifying Tests were 
performed on Unit No. 1 with which no such problem was expected. 
Neutralizer ignition time of Unit No. 2 wa about 20 minutes, with no 
problem observed in its functions and performances. 

(2) Heat vacuum tests 

Temperature profile was a heat cycle of -5C# 20C and +55C, based 
on the specification {Pig. 4.15) . Pig. 5.2 shows the characteristic 


204 - 


changes in relation to temperature. During the heat cycle, five 
repetitive operations were performed at the base plate temperature 
of -ISC and +55C. Results confirmed that IBS functions and 
performances were satisfactory under the heat environment of QT level 

(3) Long-mode test 

System was operated continuously for 50 hours at the base plate 
temperature of 20C. Results are shown in Pig. 5.3. Stable beam 
injection was evidenced over a long period of time, 

(4) Electromagnetic compatibility test 

Noise levels were similar to the measured results of EM(See Fig. 
4.65), satisfying the specifications. 

During this test, insulation failure of keeper electrode cause 
neutralizer (IEE( 2) ) to stop iginiting. It seemed to have been caused 
by accumulated backspattered metal from the vacuum chamber long-mode 
test, and a shield to protect the ceramic terminal of neutralizer 
keeper was added in PM. 

(5) Record of problems 

Summary is given in Table A2.2 in Appendix. 
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5.2 #4 Summary 


Qualifying Tests thus completed, there were some major problems 
which remained to be dealt with in Fl!l* To summarize the measures to 
be taken, 

i) Improve supporting method of lead wire, etc, in hollow cathode 
assembly and further, improve production process {including 
inspections) to enstire vibration resistivity; 

ii) By establishing selection standards for neutralizer hollow 
cathode, obtain its control compatibility with power sources; 

iii) Add shield, etc. to protect engine unit from grime during 
ground testing; and 

iv) Review electrical interface conditions, including output 

fluctuation, of engine unit and pcwer conditioner. Ignition 
of neutralizer must be assured. 

As iv) was of particular importance, propriety of the measures 
was evaluated by testing the combination of PM-IEE No, 1 (neutralizer 
replaced) and EM-lEP(min. output of neutralizer heater power source 
modified to over 5.25V). Satisfactory results were obtained, and the 
production and tests of PM followed. 
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5,3 Acceptance Tests 


Reflecting the results of Qualifying Tests / following was 
incorporated into PM: increased vibration resistivity of hollow cathode 
assenibly and addition of spatter shield in lEE; and increased output of 
PS7 and PS8 in lEP. Also# a titanium spatter guard was placed inside 
vacuum chamber in the testing facilities in order to reduce backr 
spattering. Further# procedures for the first operation after exposure 
to air were revised (engine preheating step was added). 

5.3.1 Engine Unit Acceptance Tests 

Changes made in PM as a result of problems in PM are shown in 
Table 5.8, A difference made in appearance was that a tantalum spatter 
shield cylinder was installed on the neutralizer- 

Tests were performed under the flow shown in Table 5.2(a), 
Neutralizer of Unit No. 2 short-circuited in the keeper electrode 
during oscillation test. It was found to have been caused by a faulty 
spot welding of keeper lead wire# and the neutralizer was exchanged. 
Regarding sizing# insulator heater lead wire was abnormally close 
(0.4mm) to the main support in the main hollow cathode of Unit No. 2. 

As the potential difference between them reaches a maximum of 1.4kV# 
its propriety was studied from the point of view of earthquake- and 
voltage-resistivities. As a result of oscillation analysis & test 
and voltage resistivity check# no change was made. 

Both lEE(l) and IEE(2) satisfied performance requirements of 
the specifications without other problems. Following is the summary 
of data and evaluations obtained from the performance test, 

(1) Power source input conditions 

Performance test for the engine was given under the power source 
input conditions listed in Table 5.9 by using ground test circuits. 
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Power source conditions varied slightly depending on the test subject. 

As interface test was to take the output fluctuation baaed on lEP 
output change into account# following changes were made from PM: 

i) DC constant voltage power source was used as a test power 
source corresponding to PS7# and input voltage conditions 
of neutralizer cathode heater were reviewed. (AC constant 
power source (5±0.1A) was used in PM.) 

ii) Rated output of test power sources corresponding to PS5 
and PS8 during interface test were changed. (In PM# PS 5 
was 15±0.5V(at 0.3A) and PS8 was 24±0.5V(at 0.25A).) 

iii) Output of test power sources corresponding to PS5, PS6# 
PS7, PS8 and PS9 were ranked low# rated and high levels# 
and lEE operation was checked at low and high levels 
during heat vacuum test. (With PM# operation was checked 
only at rated level.) 

(2) Discharge ignition characteristics 

Discharge ignition characteristics can be evaluated by the 
starting time required for discharge. Ignition time was defined as the 
time required for each discharge to start after the end of idling. 

Pig, 5.4 shows the discharge ignition characteristics of lEE(l) and 
IEE(2) . A new neutralizer was used in Unit Mo. 2 from the third test 
on# due to a short circuit in keeper electrode during oscillation test. 

There were two main problems in the characteristics obtained: 

i) Main hollow cathode keeper main discharge was not ignited 
after 30 minutes. 

ii) lEB(l) and IEE(2) ware unstable at the time of neutralizer 
keeper discharge ignition. 

As for i) # cathode heater input at^ nominal level is slightly critical 




and ignition was checked at high level input, ii) is a phenomenon 
caused by the longer response time (approx, 100m®®°) of the output of 
power source used (PS8-equi valent ), than PS8(10 sec) in iep, to load 
fluctuation. It is not likely to occur with actual power sources on 
board and presents no problem in performance evaluation. 

During low-temperature start tests (1) # (2) and (3 ) , neutralizer 
ignition was tested under the worst possible interface conditions: 
engine mount temperature of -5C and neutralizer heater voltage of 5.2V. 
Both No. 1 and No-. 2 ignited in about 10 minutes. Thus, ignition 
problems with neutralizer observed in PM was considered solved. 

(3) Performance in transient state 

IDE's transition from the start to beam injection state was 
checked using lEP-equivalent operation sequence and control loop, and 
their compatibility was evaluated. Representative operating conditions 
are shown in Fig. 5.5. Test results show smooth transitions to beam 
injection state. Control property of neutralizer keeper discharge, a 
problem in lEE at QT level, was mostly solved in FM. Criteria for 
selecting this neutralizer hollow cathode were (see Pig. 5.9) : 

i) Minimum keeper voltage (Vnk (min.) at 0.25A) in the Vnk-Tnv 
characteristic of less than 23V; 

ii) Discharge impedance in the Vnk-Jnk characteristic of less 
than 90.^1; and 

iii) Keeper voltage at the constant current of 0.25A and the 
flow of 1 X 10“%/sec of less than 26V, 

As in PM, increase in discharge voltage, a transient phenomenon, 
was observed in PM at the time of beam injection. The phenomenon 
accompanies shut-off of residual power (about 4W) from heating main 
cathode immediately before beam injection. Thus, factors such as 
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temperature of main cathode vaporizer at the start of main discharge 
affect discharge voltage. In this PM, fast ignition time for main 
discharge was obtained on the whole, which was not preferrable in 
terms of discharge voltage increase. The phenomenon, to an extent, 
cannot be avoided and if the transient increase is less than 500V, 
there is enough margin in the power source output {upper limit 60±2V) 
to prevent any problems. 

(4) Performance in steady-state 

Good results were obtained for both beam injection maintaining 
properties and performance parameters in steady state. The latter is 
shown in Table 5.10, 

Points of action of main discharge and neutralizer keeper 
discharge in steady state, with both Vd-Icv closed loop and Vnk-lnv 
closed loop under control, are shown in Fig. 5.6 and Fig- 5.7. It is 
shown that control error occurred at high temperature in the closed 
loop of neutralizer keeper voltage in Unit No. 2. Prom this, it is 
supposed that the same would happen in the orbit in response to the 
changes in heat input. However, this control error was towards lowering 
keeper voltage, which was not in the reverse characteristics category 
observed during development tests. With no effects on maintaining 
discharge, the error was allowed. 

(5) Test with varied parameters 

Following is the list of parameters varied: 

Beam voltage o. 8 ~ i. 4 K V 

Main cathode keeper current o.25— o, 40 a 
D is charge current o. 3 — o. 5 a 

Neutralizer keeper current 0 . 2 — o. 4 a 

Main cathode mercury flow iee(i) 

0.5 5 — 1.4 1 X 1 
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Main cathode mercury flow i E B(2) 

0.6 4 — LS l X I 

Neutralizer mercury flow IE Ed), iee{2) 

ae— ao x i o"* g/»« 

Pig. 5.8 shows the changes in parameters relative to changes in 
discharge current of lEE(l) and IEE{2). Pig. 5.9 shows current/voltage 
characteristics of neutralizer discharge. 

(6) Physical properties 

Tab. 5.11 shows measured weight of engine unit and remanence 
moment at the center of gravity. 

Pig. 5.10 is a photograph showing the engine unit appearance. 

The shape is as specified(see Pig. 4.3). 

(7) Record of problems 

Summary is given in Table A2.4 in Appendix. 


Table 5.8 Changes Made in PM Based on PM, and Results 


Problem in PM 


Breaking of main 
hollow cathode 
vaporiser thermo- 
couple in oscil- 
lation test 
MR78-0115 


Breaking of main 
hollow cathode 
heater lead wire 
in oscillation 
test (MP78-0117) 


Chances made xn PM 


•Double bind + triple bind was 
used for the clamp. 

•Ends of thermocouple were 
clamped on the tank support. 


•Spanner working face was instal- 
led on the terminal. 

•Tool for installing terminal 
was produced. 

•Hole on the main support for 
mount inc terminal was enlaraed. 


3. Crack in the sealed •Production steps were specified 
end of main hollow in the drawing, 
cathode insulator -Angle tool was produced, 
heater 


Results 


Good (no abnormal- 
ity observed in 
oscillation test) 


Good (no abnormal- 
ity observed in 
oscillation test) 


4. Insulator heater 
voltage did not 
meet specification 
(MP78-0Q86) 


5. Main discharge 

could not be main- 
tained (MR78-0087) 


•Real load was used in adjusting 
instrument system. 


‘Stabilizing resistance was 
changed to 20 jt. 


Same occurred 
partially in AT, 
but was covered by 
measuring voltage 
using instriaraexit 
system for monitor 
ing voltage at 
lEE connector end. 


norm 
erved i 
ance te 
d therm 


Dxscoloring of 
metal part of D sub 
connector (MR78-0096 
MR78-0114) 


3 -minute wait for 
beam injection was 
skipped by mistake 
in test procedure 
MR78-0171) 


* Connector was shielded with 
aluminum foil and capton(sp?) 
tape during ground test. 


'Correct procedure was specified 
in the test manual. 


Good (no abnormal 
ity observed in 
final appearance 


no 

a 

bn< 

)bs 

er 

v& 


an 

ce 

an 

im 

d 

te 

th. 

St 


Short-circuit in 
cathode heater 
(MR78-0153, MR78- 

•Heat shield assenibly was 
reinforced. 

•Interim testing was reinforced. 

Good (no abnormal- 
ity observed in 
oscillation test) 


: 


continued to next page) 




























NeutraXx 20 r hollow 
cathode could not 
be controlled. 
{MR78-0155) 


Repeated flashing 
of main discharge 
during beam injec 
tion (MR73-0156) 


Controllable cathodes were 
selected by adding specifica 
tions and tests. 


•Measuring time of mercury flow iGood(same as 
was doixbled for improved accuracy. 

•Duration of vacuum esdiaust when 
mercurv was filled was increased 


Breaking of neutra- Bending was added to thermocouple Good (no abnormal- 
lizer hollow cathodsi so that there was no space bet- ity observed in 
vaporizer heater ween the three when clamped. oscillation test) 

wire during 
oscillation test 


Item which rec^ired changes made in FM 
treatment in PM 


Results 


Adjustment of 
interface with 
ower source 


Neutralizer 

ignition 

o’: aract eristics 


Test was performed taking output 
fluctuation based on power source 
output chance into consideration. 


•In the first operation after 
ei^osure to air/ lEE was started 
immediately after 105-minute 
idling. 

•In other operations, lEE was 
started immediately after 60- 
minute idling. 

•In the first operation after 
exposure to air, lEE was operated 
after 8-hour or longer vacuum 
exhaust period 


Good ( no 
abnormality 
obsearved in 
performance 
test I & II 
and thermal 
vacuum test) 


Pollution due to 
testing 


Neutralizer cathode heater power 
source input was maintained 
within the specified range. 
Spatter shield was installed 
around neutralizer cathode. 

•In testing IEE(2), target of 
partially pure titanium was usfd 
No tarcret was used in testin 


lEE(l) .) 


Good (no abnormal- 
ity observed in 
neutralizer 
keeper insulator 
during final 
electrical 
performance test) 










Table 5.9 Power Source Input Conditions 


Test subject: OP-2: interface check 

TV-2: low temp, motion start test(l) 

TV-3: transient motion test(l) 

TV-4: high temp, motion heat balance test 
TV-5: low temp, motion start test (2) 

TV-6: " (3) 

TV-7: high temp, motion stcirt 
TV-8: transient motion test f 2) 


OP-1: rated 

operation 

test 

OP-4: test with 
varied 
parameters 


Power source 


Operation mode I 


Operation mode II 


PSl 


Screen grid 
(beam) 


DC constant voltage: l±0.1kv(rated) , changed to 
O.akVo^ 1.4kV in OP-4. 


PS2 


Accelerating 

arid 


DC constant voltage: -1±0. IkV (rated) , changed to 
-0.8kVA^-1.4kV in OP-4. 


PS3 


Discharge 


DC constant voltage: 0.35+0.02A(rated) « changed to 
O.SA-'^' 0.5A in OP-4. (Output terminal is to maintain 
a series stabilizing resistance of 20 a for lEE. (?)) 


PS4 


Main 

cathode 

heater 


5KHz 

AC constant ctirrent: SiO.lA (nominal level) 
2. 5±Q.1A( idling level) 


PS 5 


Main 

cathode 

keeper 


At no load: DC constant 
voltage of 300±10V 
Power source output at 
load: see fig. (a) 


At no load; DC constant 
voltage of 300±10V 
At load: DC constant current 
of 0.3+0.02A(rated) , 
changed to 0,25/v0.4A 
in OP-4. 


PS6 


Main 

cathode 

vaporizer 


Current output is determined 
by PS3 voltage feedback. For 
Vd-Jcv characteristic, see 
fig. (b) . (5KHZ, AC constant 
current) 


Current output is deter- 
mined by vaporizer tem- 
perature feedback. 
(2±0.05A until main dis- 
charge ignition) (5KHz, 
AC constant current) 


PS7 


Neutralizer 

cathode 

heater 


DC constant voltage: 5. 4+0. 05V.(N.L. (nominal level)) 

1.6±0.05V(I.L, (idling level) ) 
(N,L.)5.2±8.05V in TV-2, 5 and 6; and (N.L.) 5.8+0.05V 
in TV-7. “0 


PS8 


Neutralizer 

keeper 


At no load: DC constant 
voltage of 300±10V 
Power source output at 
load: see fig. (c) 


At 


At 


no load: DC constant 
voltage of 300±10V 
load: DC constant current 
of 0.25A0.02A (rated), 
changed to 0.2*v0.4A 
in QP-4. 


(continued to next page) 
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(a) Main cathode keeper 
power source (PS 5) 


(b) Main cathode vaporizer 
power source (PS6) 
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.4(a) lEE FM(1) Discharge Ignition Characteristics 
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lEE FM(2) Discharge Ignition Characteristics 
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Tcsv: Main hollow cathode vaporizer temp. (C) 


Fig. 5.6 Points of Action of Main Discharge Fig. 5.7 Points of Action of Neutralizer 

With Vd-Icv Closed Loop Under Control Fig, Keeper Discharge with Vnk-Inv Closed 

Loop Under Control 


1. Interface check 

2 . '• 

3. Low temp, motion start test(l) 

4, Transient action test(l) 


5. High temp, motion heat balance 

6. Iiow temp, motion start test (2) 



Opir*ition Na 


Oprrvtign No 


Vnk: Neutralizer keeper voltage (V) 




Fig. 5.8a Changes in lEE(l) 
Discharge Current 


Fig. 5.8b 


Changes in IEE(2) 
Discharge Current 
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Vnk: Neut. keeper voltage (V) Vnk: Neut. keeper voltage (V) 


5.9 BFeutraliaer Keeper Discharge Current /Volt age Characteristics 


it 

OF FOOR QUALSW 


range of 
outpuu 

V fluctuation » 



''neut.' 

1 0.6)1 

mere, 
flow j 


20X10"*f/t« 

ConitAHt Ptnmetir 

PftU Z 

IKV 

FS3 

025 A 

PS4 

OW 

PS5 

D2A 

PS7 

OW 

PSIO 

3W 


:»Mainhol.cath. mercury flow: 

® (?iOa)xiO V/mb 


02 025 02 025 QA 

Jnk: neutralizer keeper current (A) 


rrSng^pf 

K 3 Utput\ 

A fluctuation 


Jnk: Neutralizer keeper current (A) 
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dry wt. 
mercury wt. 
Center of gravity (■«) 
X 
Y 
Z 

Remanence moment 
I (/‘Wb*m)i 


--Unit 

No.l 

Unit 
No. 2 

1 2 561.5 

258a0 

I96a0 

198 0.0 

5 98,5 

6 0 0.0 

Zi 

-0,6 

aa 

1 ao 

14.S 

16.2 

a39 , 

3.4 2 i 


Specification 


5, 10 Engine Unit (PM) 


5.3,2 Power Conditioner Accept ance Tests 


Problems at QT level in lES and the consequent review of 
conditions for power source interface with XEE were reflected in the 
FM of power conditioner: adjusted resistance of PS7 and PS8 were 
changed to increase output. I7ith no problem observed, the FM was shown 
to satisfy the specifications. Following is the summary of electrical 
performance evaluation, weight, etc. 

(1) Electrical performance 

i) Power source output 

For each output of power source, specification and 
production results are shown in Table 5.12. Output 
obtained satisfied lEE-interface conditions. Of the 
unstable power sources, output fluctuations of PS5, PS7 
and PS8 are shown in Fig. 5.11 and Fig. 5.12. Measured 
values of output stability (regulat ion ) , ripple and 
transient response property, all of which completely 
satisfied the specifications, are shown in Table 5.13. 
With PSl, PS2, PS3 and PS6, particularly, there was 
sufficient regulation or ripple for possible future 
simplification of circuits, 

ii) Set constant 

Set values of control constant of each power source are 
shown in Table 5.14. Although smaller time constants are 
preferrable ii.j dielectric breakdown protective logic, 
they fluctuate widely due to discharge characteristics of 
engine (especially discharge current waveform) which are 
difficult to control. Thus, larger values were sat. 

iii) Power consumption and efficiency 
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Power consumptions of power source control device and 
power source device are shown in Table 5.15(a). For power 
source device/ converted values assuming the engine was 
under rated loadCSSvf) are listed. Due to the test 
configuration/ efficiency of each power source module in 
the power source device was not measured, but the overall 
conversion efficiency was about 75%. 


(2) Weight 

Shown in Table 5.15(b). 

(3) Appearance 

Shapes and sizes are as specified(see Fig. 4.4 and Fig. 4.7) . 
Fig. 5.13 shows appearances of power source control device and power 
source device . 
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f Pinal 'AT of performance 

Thermal vacuum +20C 

Thermal vacuum +45C 
Thermal vacuum -5C 

3S After random oscillation test 
After sine wave oscillation test 
AT of electrical performance 





Table 5.13 Measured Values of Output Stability, Rxpple And 
Transient Response 


Output 

stability Ripple Transient 
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-. 1 %) 

-(%) - ■ , 

response 


0 .6/0.6 

0 . 7 / 0.6 

2 0/2 Oraa 

PS 2 


0 . 2 / 0, 2 

5/4 ms 

PS 3 

0.3/0.3 

0 . 4 / 0. 4 

7/7 ma 

PS 4 


- 

— 

PS S 


^2/^4 

^3/2,6;^a 

PS 6 

L0/0,S 

— 


PS 7 

- 

— 

- 

PS 8 

- 

2LI/2.3 

L2/L3/ts 

PS 9 

3,2/2.4 

— 

— 

PS 10 

- 

— 

- 


Note) Unit No. 1/No, 2 

Table 5.12 Output PluOtuation of Power Source Device 


Power source 

PS 1 

Beam 

PS 2 

Accelerator 

PS 3 

Discharge 

PS 4 

Main cath. heater 

PS s 

Main cath. keeper 

PS fi 

Main cath. 


vaporizer 

PS 7 

Neutralizer heater 

PS s 

Neutralizer keeper 

P8 9 

Neut. vaporizer 

PS 10 

Insulator heater 



Load 

Results 

1 conditio 

>n I Ep « 

1 

I EP 

#2 

30mA±2« 

1 0 oov * 

t ooov** 

1 OOOV^ 

1 00 OV*^ 

t riA±2 « 

9 7 2-9 7 6V 

975V 

970-980V 

980V 

• 40V±2^ 

0.3 4 3''0L3S0A 

a3S0A 

a348— a350 A 

aasoA 

asAlJo* 

1,4 6— 9 V 

1.0 6 V 

1,2 8— L9 7 V 

1.7 tv 

Sa±io* 

4.9 2-5.S0V 

5.2 8 V 

4,9 fl-S.4 6V 

132V 

6 a ± 10 * 

a6 3— fi.1 IV 

^9 5V 

S.6 9—6 1 S V 

19 8 V 

a3A±S« 

1 4,0—1 &6V 

IS.7V 

14,3-1 6.9 V 

119 V 

aapv±io^ 

a48— asoA 

0,50 A 

64 8-64 9 A 

64 0 A 

15V±5* 

^0 7— ai3A 

2.10A 

110-21 7 a 

11 3 A 


1.4 8— L8 5 V 

1.7 IV 

1,4 6— 1,8 4 V 

1.6 SV 

S.5A±10« 

S.2 9— 5.7 3 V 

5.7 IV 

13 2— S.7SV 

17 4 V 

0.2SA±5# 

2 4,1—2 aav 

26SV 

TIS— 2 7*0V 

219 V 

aadv±ioi5 

DL52— 0l54 A 

0.S3A 

64 9— as 1 A 

650A 

v±io* 

1,2 5— 1.26 A 


L2 4— L2SA 


L0A±1 0 * 

aiO— 134V 

129V 

108— 13 6 V 

128V 

L«A±I 04 

4.71— 5.0 6 V 

SLOSV 

4.68— 10 2 V 

4,9 7 V 


* Range of output fluctuation at input voltage range of 27,22 -~'28.00V and 
temperature range of 5 -v 45c (base plate tamp in vacuum) • 

** Input voltage 28,00V and base plate temperature 20C(in vacuum). 
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5.3.3 Ion Engine System Acceptance Tests 

Performances of ion engine system - the cotribination of engine 
unit and power conditioner - were already determined by the Sub-system 
Acceptance Tests, This time# objectives were set to check the 
compatibility of engine and power conditioner and to obtain basic data 
for experimenting in space. Results of function/performance tests 
(hollow cathode test and varied parameter test) and thermal vacuum test# 
performed to meet these objectives, are given in Table 5.15 and Table 
5.17. Based on the data, the performances were evaluated as follows. 

(1) Hollow cathode characteristics 

Compared to AT, ignition characteristics of main hollow cathode 
were not satisfactory. Especially in Ho. 1, it did not ignite after 
20 minutes, requiring high-level output from the heater power source 
(PS4) . Pollution around the cathode from prior tests and repeated 
exposure to air seemed to be the cause. The hollow cathode was not 
replaced, however, as the deteriorated ignition property could be 
complemented by switching (by cotmnand) the output of PS4 to high level. 

Ignition time of neutralizer hollow cathode was within 10 minutes, 
same as in the AT of engine unit. 

As for decrease in keeper current - a sign of cathode deterio- 
ration - about 280mA was maintained overall, suggesting no problem. 

Also, it was determined to be compatible with keeper power sources 
(PS5 and PS9) . 

There was no problem with compatibility between the keeper 
voltage of neutralizer hollow cathode and flow control of power 
conditioner in Unit No. 1. With No, 2, control error, described in 
Sec- 5, 3. 1(4), occurred, but the flow, with the maximum steady state 
value of 7 X 10”%/s, was within the allowable range. 







* 

i 

1 





Above results indicate that the compatibility between the main 
and neutralizer hollow cathodes and power sources has been achieved. 

(2) Beam injection characteristics 

Beam injection characteristics were studied by testing with 

varied parameters. Data are summarized in Table 5.16. Fig. 5.14 shows 

the changes of main performance values in relation to set values of 

parameters (discharge current, discharge voltage and accelerated 

voltage). The figure shows that near the center of set values (ld=0. 3 5A, 

Vd=40V and Vn=1.0kV) Unit No. 2 is superior in overall performance, to 

include thrust, specific impulse, power consumption, etc. In Unit No. 1, 

increase in thrust was large with respect to discharge voltage Vd, and 

reached the No. 2 level at Vd=44V. Fig. 5.15 shows the discharge power 

loss per ion beam, i.e. the cost of ion production. Comparison at the 

propellant utilization efficiency of about 70% showed that No, 1 was 
against 

550eV/ion /y 500eV/ion of No. 2, indicating that the discharge 
power loss of No, 1 was 10% more. While No. 1 and No. 2 slightly 
differed in performances they both satisfied the required performance 
values . 

Control property of discharge voltage during beam injection was 
satisfactory, with no fluctuation in beam current observed. 

Compatibility with sequence control in power source control 
device was also satisfactory. Average starting time before reaching 
injection was 23 minutes for No. 1 and 19 minutes for No. 2. Discharge 
voltage transiently increased by about 5V when high voltage was thrown 
in, but in most cases returned to steady state in about 10 seconds. In 
starting under the worst conditions of 27.22V-bus voltage and base 
temperature of -5C, disappearance of main discharge, thought to be due 
to a delay in main vaporizer control, was observed. This was not 
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considered a problem, as it was a phenomenon particular to this case 
only and it recovered within several minutes by controlling the 
sequence. 

Compatibility between the engine and power conditioner before 
and during beam injection was thus verified, 

(3) Record of problems 

Summary is given in Table A2.5 in Appendix. 
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Table S. 17 (a) 


Thermal Vacuum Test: 
Characteristics vs. Parameters 
in Rated Operation Test (No.l) 
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Table 5 . 17 (b) Thermal Vacuum Tests 

Characteristics vs. Parameters 
in Rated Operation Test (Mo. 2 ) 
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Symbols for Tables 5.16 and 5.17 


1 . Input current 

2. Input voltage 

3. Beam voltage 

4. Beam current 

5. Accelerator current 

6 . Discharge voltage 

7. Discharge current 

8. Main cathode keeper current 

9. Main cathode vaporizer current 

10. Main cathode vaporizer temperature 

11. Nuetralizer keeper current 

12. Neutralizer vaporizer current 

13. Neutralizer vaporizer temp« 2 rature 

14. Heat sink temperature 

15. Base plate temperature 

16. Engine unit temperature 

17. Mercury tank temperature 

18. Degree of vacuum 

19. Shround temperature 

20. Power conditioner base plate temperature 

21. Engine unit base plate temperature 

22. Thrust 

23. Neutralizer ignition time 

24. Main cathode ignition time 
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Propellant 

utilization 


Beam Xn^action Characteristics, (a) IBS #1 and (b) IBS #2 
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5.3.4 Summary 


Based on the results o£ Acceptance Tests of lEE, lEP and XES, 
the FM of ion engine system was determined to be acceptable for flight, 
satisfying all requirements. 

Summer of results with FM relative to the main requirements is 
given in Fig. 5.16. 
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5.16 Ion Engine System (Flight Model) 


Unit 


Characteristic parameter t 
Power consumption 
Thrust 

Specific impulse 
Propellant flow 
Propellant efficiency 

Thruster power efficiency 
Weight* 

Reliability 


2000±200 


Engine unit 

Propellant 

IP 


TOTAL 


Engine unit 




Chapter 6: Main Problems in Development and Countagmeasures 


In this chapter# main problems which occurred during production 
and testing of EM# PM and PM and the countermeasures are discussed from 
the technical point of view, 

6,1 Transient Characteristic of Discharge Voltage During Beam Injection 

(1) Description of problem 

In the EM of lEE Unit Mo, 1# beam injection caused discharge 
voltage to rise from about 40V to 55-70V(see Pig, 6,1), when the main 
discharge was maintained with the heater power source (PSIO) output at 
its nominal level (constant output of 3V) . 

This phenomenon does not occur when the PSIO output is at a high 
level (constant 5V) . Eformal beam injection state at the nominal level 
of PSIO can be obtained if PSIO output is thrown in at a high level 
and then lowered in about an hour# but such an operation is not 
practical. 

(2) Estimation of cause 

The cause first assumed was that plasma density inside the 
discharge chamber was low, which may be due to an unbalanced supply of 
mercury and electron# or lack of mercury atom supply, As the normal 
flov; control had been confirmed by the measured flow in component test# 
lack of mercury flow could be caused by an inefficient supply of 
mercury vapor from vaporizer. In any case# discharge voltage showed 
an almost normal value (about 40V) when the main discharge was 
maintained# which indicated that the cause was a subtle mismatching of 
discharge conditions which could be returned normal by adjusting the 
baffle position. 


(3} Cause-finding steps 

Steps shown in Fig. 6.2 were taken. 

(4) Results of cause-finding steps 
Results were as follows. 

(a) Main hollow cathode in lEE(l) was replaced by a spare 
cathode? Ho major change and no major improvement 
resulted. 

(b) With (a) , discharge chamber was replaced by a spare 
chamber? Ho change resulted. 

(c) Cathode removed from lEE(l) was tested independently: 

Ho abnormality found. 

(d) A heat shield was installed in the insulator of the 
hollow cathode removed from lEE(l) ? 54V in transient 
and 38V in steady state resulted. 

From the above results, it was supposed that the problem was due 
to a low insulator temperature which caused mercury to be condensed, 
resulting in an insufficient supply of mercury to the discharge chamber. 

As the insulator is esqpected to have the lowest temperature in 
the main hollow cathode assembly, the temperature of its flange was 
measured. Following was obse 2 nred. 

i) At Vcv=3.5V and Viso«3V (nominal value for PSIO) : 

•Temperature of insulator flange at main discharge 
ignition - 150C in lEE(l) and 175C in life test model. 

•Minimum temperature of insulator flange - 140C in 
lES(l) and 145 in life test model. 

These temperatures are critical for mercury condensation, 
ii) At Vcv=3.5V and Viso=5V(high level of PSIO): 

•Temperature of insulator flange at main dischar^ 


ignition - 165C in IEE{1) and 205C in life test modal 
•lEE(l) increased gradually then on, to steady state 
temperature of 192C. 

•In the life test model, temperature lowered to a 
minimum of 175C and then reached a steady state of 
178C, 

(5) Areas of improvement 

Based on the temperature and discharge transient characteristics 
described above, following improvements were planned in addition to the 
installation of heat shield in the insulator. 

i) Match temperature increase characteristics of cathode 

and vaporizer by slowing the temperature rise in vaporizer 
ii) At the same time, increase the minimum temperature range 
in the main hollow cathode near the insulator. 

For this p^irpose, the position of vaporizer heater was modified. 
Fig. 6,3 shows the main hollow cathode before and after the improvement. 
Heater was returned to almost the same position as in Pre-EM and BBM. 
Pig. 6.4 shows the insulator temperature change before and after the 
improvement. After improvement, the insulator flange temperature was 
160C at the time of main discharge ignition and slowly rose to the 
steady state temperature of 180C. which was a 25C-increase from before 
and close to the temperature of case ii) in the preceding sub-section 
(PSIO high level) . Transient changes of discharge voltage in the 
improved IBE(l) are shown in Pig. 6,5. In the improved lEE(l), 
response of discharge voltage was more sensitive to vaporizer 
temperature change. 

(6) Comparison of characteristics before and after improvement 

Characteristic changes due to the change in vaporizer heater 


position are as follows 


Before 


After* 


i) Abnormal discharge ignition time 
ii) Rise of vaporizer tempera ttire 

iii) Main discharge ignition time 

iv) Steady-state temperature of 
insulator flange 

v) Response of discharge voltage to 
to changes in vaporizer temp. 

vi) Discharge. voltage change due to 
insulator power change 

(Constant vaporizer temperature P) 


yes 

About 400C 
in 10 min. 


no 

About 270C 
in 10 min. 


About 10 min. About 12 mir 
About 155C About 180C 
Dull Sharp 

Sharp None 


(7) Recurrence of the problem in PM and the measures taken 
problem 

Tne^seemed to have been solved when above-described steps were 
taken. However, the same phenomenon occurred again in a test by the 
manufacturer during production of PM. 

Description of problem In a test during production of hollow 
cathode, PM07 (internal code for main hollow cathode) did not start 
discharging 30 minutes after power was thrown in, or ignition was slow 
and accumulation of mercxiry on the insulator was observed after ignition. 

Cause and measures As described earlier, accumulation of mercury 
on the insulator occurred in EM, and vaporizer heater was moved to the 
insulator side. As shown in Pig. 6.6(b), the heater was wound once on 
the vaporizer case and the rest was wound over vaporizer pipe. In PM, 
resistance of vaporiser heater was adjusted by shortening the heater 
wire, as that of EM was slightly larger than the standard. Because of 
this, the number of turns on the vaporiser pipe was reduced, causing 
the center of heat to move towards the vaporizer and thus increasing 
the heat resistance between the vaporizer and the insulator. In 
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comparing the two in a simple heat test it was found that the temperature 
increase of PM was 15-20C less than that of modified EM. Therefore# 
heater was wound sparingly around the vaporizer pipe in the second PM, 
as shown in Fig. 6.6(d), so that the end reached insulator flange. 

The result was satisfactory, and it was incorporated into PM. 


248 




V * 'is .4.'* 




250 


Fig. 6.2 Treatment of Problems 


I 


I 


( 1. study of countermeasures 

2. Adjustment of baffle 

3. Test 

4. Cause-finging of problem product 

5. CDR 

6. Changes made In FM 

7. Installation of heat shield on 
hollow cathode 

8 . Test 

9. Cause- finding of problem product 

10. CDR 

11. Changes made in PM 

12. Study of countermeasures? 

13. Cause-finding test for problem product 

14. Performance check with internal 
facilities 

15. Performance check with replaced dis- 
charge chaniber using internal facil, 

16. Measurement of temperature 

17. Cause-finding test with lEE life test 
model 

18. Measurement of cathode flow with lEE 
life test model 

19. Test for modified cathode with lEE 
life test model 

20. (Adjustment of?) baffle position with 
lEB life test model 

21. Modification of hollow cathode 

22. Installation of modified product on 
2 . XBB(l) 

23. Performance test 

24. Low-temperature test 

25. Test with varied parameters 

26. Report 

27. Heat analysis based on measurement data 

28. Heat analysis 
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6«3 Modification of Main Hollow Cathode 



Vaporizer heater 
Insulator 
heater 





Vaporizer 

heater 


Insulator 

heater 


at shield 


: j 




Modified EM 


6*4 Comparison of Temperature Hear Insulator (before and after 
modification) 
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Changes in Heater Position of Main Cathode 


Vaporizer 


b) EM 


(b) Modified EM 
Insulator flange 


Vaporizer case rv^ 

(_^;,;,,,^..>^Insulator heater 
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Mercury supply 

pipe Vaporizer Vaporizer case 
heater pipe 


Insulator 



W) 2nd PM and PM 
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6.2 Plow Control of Neutralizer 

Incompatibility of closed loop between neutralizer and vaporizer 
was found in the lES development test. The closed loop detects keeper 
voltage and sends feedback to vaporizer current, using the sequential 
character is tict with increase in mercury supply due to increase in 
vaporizer current, plasma impedance between cathode and keeper decreases, 
reducing keeper voltage. Presumably, this sequential characteristic 
was not maintained and a reverse characteristic appeared instead, 

causing the closed loop function to fail and the vaporizer current to 
stay at its maximum. Therefore, the diameter of keeper hole was 
changed, in an attempt to convert the characteristic of neutralizer 
keeper into a sequential characteristic within the operation range. 

Pig. 6.7 gives test results showing the relationship between vaporizer 
temperature Tnv and keeper voltage Vnk with the keeper hole diameter as 
a parameter. It was found that smaller the diameter, closer the range 
of sequential characteristic is to the lower vaporizer temperature Tnv, 
i.e. smaller mercury flow. Relationship between vaporizer temperature 
Tnv and mercury flow is shown on the horizontal axis. Rated mercury 
flow(l X 10"^g/s) is obtained at Tnv^(=?) 230C. Pig. 6.7 also shows 
that when the keeper hole diameter is Ijzj, as soon as Tnv exceeds rated 
temperature it moves into the reverse characteristic range. With 
increased keeper hole diameter, the point of inflection of sequential 
characteristic and reverse characteristic moves towards larger Tnv, 



but keeper voltage Vnk increases. It was found that ignition time was 
slightly delayed at the same time. Taking the characteristic and 
keeper voltage into consideration, diameter of 2fd was chosen. 

On the other hand, upper and lower limits of vaporizer power 
source current were narrowed so that a mercury flow which facilitates 


-254- 





normal neutralizer operation could be maintained even in case of control 
failure of the closed loop. Characteristics of control device for 
neutralizer keeper voltage (Vnk) and neutralizer keeper current (Xnv) are 
shown in Fig. 6.8. Lower limit of Xnv was changed from 0.4A to 0.5A 
and upper limit, from 1.4A to 1.2A. Upper limit affects the rise of 
neutralizer vaporizer temperature at the start of ion engine operation, 
i.6r. ignition time. The relationship between neutralizer vaporizer 
current Inv and ignition time is shown in Fig. 6.9, for the keeper hole 
diameter of Ig^. After the change from 1.4A to 1.2A, about 2.5*‘minute 
delay was observed, but ignition time of 7 minutes was considered 
satisfactory. 




6.7 Vaporizer Temperature vs. Keeper Voltage# with Keeper 
Hole Diameter as Parameter 



i 2 t 4 ft C 


Tmn vs, Tnk characteristic 
(component test) 


Keeper# rated (mm) 
■Collector current IC(m&) 


Mesh collector (permeation 
rate# 66.25%) 

Keeper pole and collector# 
d=100mra 
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6,8 Control Property of 
Neutralizer Keeper 
Voltage/Vaporizer 
Current Closed Loop 


Neutralizer 

vaporizer 

current 
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6.3 Mercurv->pressure Resistivity of Vaporizer 


(1) Description of problem 

At the time of production (PM ) , inspection showed that the 
discharge voltage of main hollow cathode was high and unstable. It 
changed with time, but with a dull response to vaporiser temperature 
change, showing a similar pattern as in Development Test. As 
accumulation of mercury in the insulator was expected, its heater 
power was set to high level. This lowered discharge voltage, 
confirming mercury accumulation. At the end of operation, vaporiser 
heater pcn/er was shut off and insulator heater power was set to high 
level, in preparation for natural diminishing of discharge. However, 
discharge was still maintained after 3 hours. Temperature of main 
vaporiser was about 230C at this time, but the mercury flow registered 
on a mercury column was 3-4 times the normal amount. Mercury column 
continued to lower after the operation ended, suggesting a high 
possibility of liquid mercury leakage from the vaporiser. 

(2) Developments around neutraliser 

Due to an abnormal discharge voltage increase at the time of 
beam injection during Development Test, it was necessary to allocate 
part of vaporiser heater power to insulator side. Because of this, 
permeation coefficient of porous tungsten was increased in PM so that 
vaporiser could operate at a lower temperatures the temperature at 
which rated mercury flow cc 4ld be obtained was 3 IOC in EM, while in 
POl-001, for example, it was 2G4C. This was accomplished by 
decreasing the pressure in sintering, 

(3) Cause and measure 

In obseirving a cross section of a vaporiser which lacked in 
pressure resistivity for static pressure mercury, enlarged Ta crystals 


were observed near the welded area. There was also a crack in the 

a 

porous tunjjSten plug near the same area, which appeared to have been 
caused by heat stress (See Fig. 6 ..10). From these observations, lack 
of pressure resistivity seemed to have been caused by the crack and 
the permeation coefficient of porous tungsten which was slightly too 
large . 

Therefore, as countermeasures, welding conditions were modified 
and the density of porous tunsten was increased from 70% to 71% in 
main hollow cathode and from 75% to 76% in neutralizer hollow cathode 
a 1% increase for each. 


Fig. 6.10 Crack in Vaporizer 


Welded area 

Enlarged Ta crystals 


Ta pipe 


Crack' 
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6.4 Iqnitabilitv of Neutralizer 


(1) Description of problem 

During neutralizer operation test of lEE(l) in the function test 
of QT# neutralizer was not ignited after power supply was on for 30 
minutes. This was a preliminary test with power sources installed on 
the outside of vacuum tank# using a junction box and extension cable# 
and not an official configuration. Heater input power measured in the 
junction box was 23. 3W. 

(2) Steps taken and results 

i) Under configuration shown in Fig. 6.11# power source PS7 
was replaced by an external DC power source and a) main- 
tained at 25Vf for 20 minutes and b) if not ignited# power 
was increased every 2 minutes until heater current reached 
5A. Results: a) neutralizer did not ignite; and b) ignited 
at heater current of 5.0A and supplied power of 29. 5W 
(junction box measuring terminal) . Heater resistance at 
this time, calculated from voltage and current# was l.iao^a. 

ii) Neutralizer was operated with PS 7 replaced by external DC 
power source of 25W (junction box measuring terminal) for 
30 minutes. Result: Neutralizer did not ignite. Its 
heater current was 4.7A# voltage, 5.34V# and power# 25, IW 
at this time. 

iii) DC resistance from the junction box measuring terminal to 
the engine unit was measured and compared with resistance 
of the engine unit at the connector end. 25W povjer was 
supplied to the connector end for 30 minutes by adjusting 
the external DC power source. DC resistance was 0,4S0M~ at 
the junction box measuring terminal and 0.459^ at the 
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connector end. Results: Discharge was ignited 16 minutes 
after the power source was switched on. Measuring terminal 
voltage was 5.48V/ connector voltage, 5. 33V (calculated 
value), currant, 4.80A and power at the connector end was 
2 5. 6W( calculated value) at this time, 
iv) 25-25. 3W power was supplied to the connector end of engine 
unit when the temperature of neutralizer vaporiser reached 
under OC. Result: Discharge was not ignited. Connector 

voltage was 5. 28V (calculated value), current 4.75A and 
power was 25. IW (calculated value). 

Results called for re-examination of interface of ion engine unit 
and power source device. Power source output specified in Table 4.10 
were nominal values that could be interpreted in different ways. This 
was not appropriate, especially with separate production of the engine 
unit and power conditioner, respectively by Mitsubishi Electric Co. 
and Tokyo Shibaura Electric Co. And, while the output from the power 
conditioner was AC (5kHz) constant voltage in the engine unit component 
test, it was actually tested with AC constant current' and DC constant 
voltage due to the testing facilities at the National Aerospace 
Laboratory. Further, changing the diameter of neutralizer keeper hole 
from Ifi in EM to 2fi in PM seemed to have worsen the ignition property. 
Thus, it became necessary to provide a unified interpretation of power 
source output, and clarify and plan for any improvements necessary for 
flight model. 

In actuality, it was decided to go ahead with the Qualifying 
Tests for IES(2), while countermeasures for lES(l) were being planned. 
Preparation for PM was particularly important, 

(3) Power requirements of ion engine unit PM and power supply 



range of power conditioner 

The status as of the beginning of Septetrtber/ 1980, was as follows. 

1} Neutraliser heater power 
Engine unit 

Power at the start of discharge {PM, lEEfj:!) : 

•With AC constant current power source 

5. 041A (constant current), 5.072V 

Effective power (95% of observed power) 24.29W 

Ignition time 26 tain. 

•With DC constant voltage power source 

5. 02V (const ant voltage), 4.87A 
Effective power 24.45W 
Ignition time 18 min. 

Required power: Min. 25W of effective power 

Power conditioner 

Estimated output ranges 

25W±5%(set deviation) ‘^|^(input voltage fluctuation) 

"•/?b 

5 ^ (temperature fluctuation) 

2) Neutralizer keeper voltage 
Engine unit 


In QT, operation checked at 0.25A and 24±0.5V 
Required voltage: over 23.5V 
Power conditioner 

Estimated voltage range; 

24V±5%(set deviation) [J]^(input voltage fluctuation) 


-7% f tuat ion ) 


3) Main cathode keeper voltage 
Engine unit 


In QT, operation checked at 0.3A and 15+0.2V 


Power conditioner 

Estimated output range: 

15V±5%(set deviation) l!^^||(input voltage fluctuation) 

temperature fluctuation) 

4) Insulator heater power 
Engine unit 

in QT, 1±0.1A, (blank)W 
Power conditioner 

Estimated output range: 

3W±5%(set deviation) "*'^^{input voltage fluctuation) 

temperature fluctuation) 
Lower limit of 2.64W to he secured. 

5) Main cathode vaporizer power source 
Engine unit 

Vaporizer heater resistance (max, value during operation): 

1.89 

No operational problem. 

Power conditioner 

Estimated output range: (temperature fluctuation) 

(4) Range of neutraliser heater power source output under the 
conditions of AT heat vacuum test 

Causes of output fluctuation in unstabilized power source are 

i) temperature fluctuation of the environment (-5C'«'+45C in AT) and 

ii) input voltage fluctuation (283 q* 7§V specified). These fluctuations 
added to the set deviations give the output fluctuation# estimated 
prior to the production of power source device PM. Pig. 6.12 shows 
the output power fluctuation range of neutralizer heater power source 
(PS7) . Due to restrictions by converter transformer, the upper limit 
of voltage is 314W. Power source PS7 is for voltage output which is 
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based on neutraliser heater resistance of 1^. 0 indicates a range 
of set deviation# taking temperature fluctuation range in AT and upper 
limit of converter transformer output into account with a steady input 
voltage of 28.0V. During operation# the center value of input voltage 
is 27.67V(taking voltage drop from PRU output of 28+l%v to IBP into 
consideration) . According to heat analysis# estimated temperature 
fluctuation of base plate at this point is 9 - 29. 7C and the output 
power range is an in (^ . In ortI<=*r to obtain output of over 25W under 
the operating conditions# output power must be set between 25.77W and 
28.87W, as in (^, and under the AT conditions output must be adjusted 
to 26.39W 28.55W, as in (^ . 

(5) Finalized interface conditions 

Based on the requirements of lEE and lEP# power source input 
conditions were determined for AT. Input conditions at lEE connector 
end are shown in Table 6.1. Corresponding output fluctuation tolerance 
of lEP and its results were shown in Table 5.12. 

Fig. 6.11 Configuration of Neutraliser Operation Test 
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Pic?, 5^12 Output Power of Neutralizer Heater Power Source (PS7) 
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Table 6.1 Pov/er Source Input Conditions at ISB Connector Terminal 


iName of power symbol level ^put conditions at lEE connecter 


Screen grid 

PS 

1 

N. L 

1 0 0 0 V±4 0 V 

DC 

3 0mA 

Accelerator grid 

PS 

2 

N. L 

-10 0 ovj;||v 

DC 

1mA 

Discharge 

PS 

3 

N. L 

0.3 5 A±0.0 1 A 

DC 

4 0V 



_J 

I. L 

1.6 

AC 

load 0.6 4a 

Main cathode 

PS 

4 

N. L 

5.0 

AC 

load 1 . 0 a 

heater 



H, L 

AC 

load I'Oil 

6.0 V 

Main cathode 
_I keeper 

PS 

5 

N. L 

1 s-ov;!; JJv 

DC 

0.3 A 

Main cathode 



L. L 

aSAlJf^A 

AC 

load 1 . 7 5 a 

vaporizer 

PS 

6 

M. L 

AC 

load 1 - 7 s a 

ZOaIJJ® A 

Neutralizer 



I. L 

..evl“v 

AC 

load 0. 6 4 a 

heater 

PS 

7 

N. L 

AC 

load 1* 0 6 a 

«•» ''ills'' 

Neutralizer 

keeper 

PS 

8 

N. L 

2 4. 0 vt Q J V 

DC 

a2 5 A 


Neutralizer 

vaporizer 


Insulator 

heater 



gv 

5,0vl»:»Jv 


AC load 1-7 sn 
AC load 1 - 7 s n 


load 3 C 
AC load 


Note: 1. Start level of PS5 and PS8 is 300V^^‘^§V(DC no load), 

2. AC input level given is the input condition when power factor 
is 1 at pure resistance load. 

3. If ignition of main hollow cathode keeper discharge and main 
discharge is difficult with PS4(KL), PS4(HL) is used. 
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6,5 Countermeasures for Deterioration of Hollow Gafehoda 


In testing lES in the Development Tests, increase of neutralizer 
keeper voltage, thought to be caused by deterioration of neutralizer 
hollow cathode, was observed. In this lEB(l) (EM), total operation 
time was about 200 hours (including 100 hour IBS testing) and the total 
air exposure time was about 1,500 hours (including 336 hour IBS testing), 
and deterioration of neutralizer was already prominent half way through 
the IBS test. On the other hand, in the life test of an EM-eguivalent , 
total operation time was about 500 hours and the total air exposure 
time was about 3,100 hours (including about 2,900 hours under controlled 
humidity) and no deterioration was observed. Thus, deterioration of 
IBB (1) (EM) is assumed to be caused by the duration of air exposure and 
its environment (especially humidity) which were too harsh for the 
hollow cathode. 

Fig. 6.13 shows the deterioration conditions after exposure 
(about 19 hours) to highly humid air (over 90%). Keeper voltage change 
before and after the exposure seems to be due to deterioration which 
did not sufficiently recover by activating cathode heater but returned 
to the pre-exposure performance level when the cathode was heated 
while maintaining keeper discharge. For IBP, deterioration of hollow 
cathode was deemed unavoidable to an extent, and thus, neutralizer 
keeper power source (PS8) capacity was raised from 0.25A and 24V to 
0.25A and 3lV. 

With respect to the problem of non-ignition of neutralizer in 
the IBS QT, electrical interface conditions of IBP and IBB were 
reexamined. In order to study IBB operation conditions and effects 
of repetitive operations, air exposure, etc. on ignition time, 
repetition test was performed using 2 neutralizers (FMOl and FB05) 
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which are equivalent of FM. The test is explained below. 

6.5.1 FNOl Repetition Test 

(1) Purposes 

i) V7ith cathode heater input of 5.2 Vdc# check ttet ignition 
is smooth. 

ii) Study effects of idling in the first operation after 
exposure to air. 

iii) Evaluate ignition time under lEE operation mode of 
“Immediate start after idling." 

iv) Study effects of heat shield, 

v) Study effects of aging. 

(2) History of neutraliser up to repetition test 
Hollow cathode completion inspection: 

Operation time 10 hours, repeated 4 times. 

, Exposure to air: 14 days 
Oscillation test 

Operation check after oscillation test: 

Operation time 6 hours, repeated twice. 

Exposure to air; 11 days 
Characteristics study: 

Operation time 20 hours, repeated 14 times - 

Exposure to air during this time 3 times (total 20 days) 

(3) Test conditions 

Base plate temperature 20±3C 
Shroud temperature -lOOC 

Power sources: PS7 IL DC constant voltage of 1.6V 

HL DC constant voltage of 5.0-S.2V 
PS8 Drooping property equivalent of lEP 
PS9 Closed loop to lEP-equivalent PS8 
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(4) Test results 

Test conditions are shown in Table 6 . 2 , performances under steady 


state, in Table 6.3, and the history of cathode heater input and 
ignition time, in Fig. 6.14. 

In regard to ignition characteristics. Fig. 6.15 shows that 

i) With input of 5.2 Vdc» ignition takes place regardless of 
idling after exposure to air; 

ii) lEE operation mode of "Immediate start after idling” 
reduces ignition time by 2-4 minutes; and 

iii) Effects of heat shield are not significant when there is 
sufficient heater power, but at a critical power level, 
the shield reduced ignition time by 4-5 minutes. 

As for keeper discharge characteristics, 

i) Changes in neutraliser vaporiser temperature seen in the 
data of steady state (about 60 minutes after beam injection) 
indicate that keeper discharge characteristics are 
slightly affected by exposure to air (See Fig. 6.16); 
ii) The effect is one time only, and the characteristic 
recoveres with repeated operation; and 
lii) There is no problem in control property. 

With respect to aging, it is mostly completed before repetition 
test. Aging does not affect ignition time before or after heat shield 
is installed. (Fig. 6.15) 
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6.13 Keeper Voltage Charaateristic When Neutralizer Hollow 
Cathode Is Exposed To High Humidity 


MifSIiSSIffirsfc 

*’ ” (second time) 

30-rainute activation 

60-minute activation . ^ , 

10-minute activation during discharge 


\\ 

\\ 

\v 


Neutralizer: EN-11 (keeper 20) 

Jaks 250nA constant current 
Ob: 27raA 
Vb, Va: 1 KV 
Vd: 40V, constant 
^ Jd: 3 50mA, constant current 




Z 1^9 

{ I 


vvhiCriiwAL f;,.,,..:. uu 
OF POOR' QUALrn.5 


- 270 - 




1 


I ICS START! ACC CL SHUT 


A B f ' 2 /* i«:so 


l*S * 


eutralx 
gnition 
’^minutes 
A: S3CPOSU 
B: Vacuum 
C: Beam i 
O: Rest p 
E: Degree 
Ps Contin 
vacuum 
(with 
Diffxc 
time b 
Difficu 
but re- 


o 

t ign 
Used 
i 


© tHottr. D 1 Hour. 2 * i Ta 


© iHagr. D > 2 - I (F* T«rr 


ilttQ I7:3fl U:40 


tttvar, 12/3 18140 SHUT OPP E 2^tO"*Torr/ 


%tVoc i [2*43* ] S:&0 9U5 IDMS 


iHdttr* rj Ukur* 2 » I IT* To 


iOVM 18 * 03 ' 


IKoMrA rj IHbo»a 2 >il(r*To 


iov^ 17*04' 


- I }iavr. 2 I 0^ Torr 


0 iHauft 12/1 ia:*2SmJTOFP E 2»lir^T»irr/ 


). D 1 1 I 0**T«rr 


10*31' It :30 11 ;4S 


© lHbor» tt/0 I7T3S SHUT OFF E , I- 2 - I 0"*Torr/ p * 

] i 1 sTv^ I 12*08* I iiTTs nT^TrTTrnnn 


® XEfaur, rt iHsttf. 1.3 X I 0‘*Toi>r 


ItftOS 17:03 


1 ilZ/^ 9:0(^4:as)u»iiirt B ItZ/O I4:3M. H / F { E 

.-“IG « I 0’*Tflrrl 


o-is I 1 7 '10* 


® JJfaur. D I HauF. < 2 


5-2 10*47' 


© 1 tlogj-, 1 Hattfr i 2 ■ t O'* 

I t [ a^iVjc [ 11*00* I 17:30 I 17:<5 

0 tHigr, 12/10 1«;S0SHUT OFP E I.OxIO''T«rr/ p ( E .^«i40-+'ftn'> 


I2*I«* I li:52 1 12:t7 


© 1 Hsur. ]p 1 Hour 




© I Kawf. JJ 1 Hoar. M 1 0^ 

flOf [ &i0^^ I * til ® £^8 • Jj_9 

© tEkuf» !Z/tl 19;28 S HUT OFF g l. fl>tO‘*Tbrry^ p ',[|2/ll 2o:3Q-> 

Neutraliser keeper discharge ignition 
times end of idling to ignition. 
Exposure to airs 70% for 5 min* and 42% 
for 15 min* Others i n GK^, 

ij> ) &2 vIT" 7*28* Qg;2 2 ^1 1:19 12U9 


i£ I &2Vgf I 7'20* j oo;22 | n:i9 [l2:i9 j 

^«JI 1 I.Ii 130 J 13M5 

^|~S .0~ V^"J~ 1.7 '^03* I I5 ;s 2^ 18113 ] I Filli p _ 


» J sov*ir P "|l8:«*i6*j^ 




































































Table 6.3 Cycle Test Performance Characteristics 


OF POOR QUAUT^ 


[ Run jg 

Jb^nA.} 

JaCtcA] 

V»(V) 

VckCV) 

JelcCAl 

VovCV] 

JcvCa3 

VDltCV) 

JnIcCA} 

VovCV) 

JdvCA) 

VtiCV) 

JiaCA) 

TevCCD 

TarCC) 

in(Maln) 
CxiO"* g/**) 
inCNo n) 
CxlO"* 

IbpC»"3 

THRUSTCeWt] 

? C») 

IDLINGB^CaiiO 

Total PonerDV) 

Test date 


Time 

data 

acquired 


I 2 3 4 S 6 7 8 9 10 11 12 13 14 is IS 17 IS 19 20 21 22 23 24 2S 26 27 

2&4 26.6 26.8 266 27.2 27.6 27.0 26.9 26A 26.9 26.9 269 26.6 27D 269 269 267 26.8 26.8 268 26.9 2 7.0 27.0 269 26.8 2 6.8 269 

63 3 633 633 63 2 03 0 03 3 63 1 031 634 032 632 631 032 0.32 631 033 033 632 033 0.32 633 032 0.33 033 0.32 633 032 

368 369 369 39.9 39.8 369 368 39.9 39.9 39.9 369 368 39.8 3'9.9 39.9 39.9 368 369 37.9 39.9 368 40.0 368 369 39.8 393 39.9 

17.9 173 17.9 17.7 17.1 17.2 17.3 1?3 l&l 173 17.5 173 17,8 17.3 17.2 l7.S 173 17.6 1 7.6 1 73 173 1 73 1 7.3 1 7.S 17.6 17.4 17.3 

623 0.24 624 0.24 62S 62S 62S 62S 623 624 624 0.2S 624 625 625 0.24 624 0.24 624 624 0.25 0.25 625 624 624 0.25 0.25 

23 1 233 231 691 689 69 2 689 23 9 692 690 633 23 5 689 688 680 68 8 683 600 23 1 230 28 4 691 687 692 691 687 690 

1.72 1.75 1.73 1.74 1.74 1.76 1.74 1.74 1.81 1.75 1,74 1.73 1.75 1.75 1.74 1.74 1.75 ’..76 t.77 1.76 1.72 1.77 1.75 1.75 1.74 1.73 1.75 

27.S 273 203 201 200 200 200 200 203 208 25.8 25.9 253 208 207 25.4 204 205 205 205 204 204 204 206 253 200 24.9 

621 621 622 623 0.23 623 623 0.23 032 623 623 623 0.23 623 623 0.23 0.23 623 623 623 623 623 623 0.23 0.23 628 0.28 

602 602 1.72 1.66 1.64 .1.62 1.62 t.62 1.73 1.56 1.56 1.58 I.S6 136 1.52 1.46 1.49 132 l.SO 1.48 1.46 1.4 7 U5 I.Sl 136 L29 1.28 

US LIS 0.98 0.95 0.94 0.93 692 693 038 689 669 690 0S9 0.89 0.87 0.81 033 034 0.83 0.83 032 0.62 682 685 03 673 673 

644 658 645 65 8 657 658 657 657 645 6S7 644 656 656 656 644 658 643 657 657 657 652 657 6S5 659 659 659 659! 

099 099 0.99 0.99 099 0.99 0.99 0.99 0.98 099 099 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 099 0.99 

274 273 274 273 273 273 272 271 275 274 274 273 274 273 272 276 275 273 273 274 273 274 273 275 275 274 274 i 

318 318 281 272 271 268 267 266 280 259 260 260 258 258 254 247 251 <:S2 252 252 249 249 245 253 2S3 230 229; 

73 7.7 7.9 73 7.6 7,6 73 7.4 01 7.9 7.9 7.8 73 7.7 73 0 2 01 7.8 73 7.9 7.6 73 73 01 01 OO 7.9 ; 

5.0 4.9 60 1.7 1.6 1.5 13 1.4 60 1.2 1.2 1.2 13 1.2 U 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9 1.0 1.0 0.6 06 

2200 2248 2208 2250 2325 2318 2346 2383 2151 2214 2238 2266 2235 2291 2343 2140 2156 2254 2258 2216 2304 2265 2279 1931 1931 2205 2220: 

017 0.18 0.18 0.18 0.18 0.18 0.18 0.18 018 0.18 0.18 018 018 018 018 018 0.18 018 0.18 018 0.18 0.18 018 018 018 0.18 018 ! 

70 71 70 72 74 74 75 76 68 70 71 72 71 73 75 68 69 72 72 70 73 72 72 61 61 70 71 ! 

lOS 111111 60 1 I 1111 60 105 1 1 111 1 60 lOS 1 t I | 

604 6 U 603 60.5 60.9 603 607 60.7 60.7 60.5 603 60S 60.4 60.6 601 603 69.9 60.3 604 60.4 60.2 607 60S 59.9 59.'^ 61.2 61.4: 


Note : 

Output of other 
power sources: 

Vb, Va=lKV 

Vch, Jch. 

Vzh. Jnh 

'Data obtained 
60 min. after 
beam injection 


Symbols — 
Continued to 
next day while 

O continuous 
evacuation 

® exposure to 
air 

^ stopping 
evacuation 

•Output of PSnk 
for runs #2,6 
& 27 (others in 
broken line ) s 


'80123 


'60134 


'80128 


'60128 


'601210 


'801211 


'80.1213 
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OF POOR QUALh^ 

6.14 Neutralizer Keeper Discharge Ignition Time vs. 
Heater Input 


Cathode 


ftt TSUDEN .4^ «t NAL 

O ^ 

•H 

4J C 

fd 

«H Opc; 
iH CQ 

N ^ »0 4J 

\ (0 c nj 

\ c o o 

^ H 0,£3 


Installation 
condition 
K of -*i 
heat shield 


t tt 


2021 22 24 28 30 32 24 26 38 40 44 

Cycle Teat 1234S6789 10 ^ I 121314 15 I6 17 18 102021 22232a 

Repetition number 
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.fSl , -^v;rsS.-.'K .1,^ : 




lOOd 


Vaporizer temperature 





















6*5.2 FN05 Repetition Test 


(1) Purpose 

Study operation conditions under which stable ignition character- 
istics of neutralizer keeper discharge are obtained. 

(2) Test results 

History of cathode heater input and ignition is shewn in Pig. 6.17 
Based on the results/ 

i) For a certain time after completion, ignition character- 
istics of hollow cathode are likely to be affected to an 
extent by exposure to air; 

ii) During this time, ignition conditions can be returned to 
normal with 2-5 operations after exposure (cathode heater 
input (5. 2V]3(n) reejuired) ; and 

iii) After this period ignition characteristics are stabilized, 

■ with no ill effects from the exposure. 

Prom the above results, following was to be reflected in the PM, 
Acceptance Tests and Space Tests: 

i) Input to neutralizer cathode heater will be a minimum of 
5.2SV; and 

ii) After exposing to air, the first operation will be started 
immediately after 90-120 minutes idling. 
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L;. 4 « 



Ignition 

g gViih(V) time (rain 



ORIGINAL 1)0 

OF POOR QUALUTi? 


6.6 Contamination from Back-spatterinq 

(1) Description of problem 


0Rt©^3AL P/aQS 
OF. POOR QUALfiV 


Neutralize!' keeper did not ignite in the electromagnetic compati- 
bility teat of IES(2) in Q2. 

(2) Steps taken 

•Operation attempted again (twice) - No ignition resulted. 

•Keeper electrode insulation resistance measured from the outside 
of the tank. 

Main cathode keeper Rck=123.9k,»Q. 

Neutralizer cathode keeper Rnk~5.98fc-0. 

15-minute activation 

Rck "'20J1J1 
Rnk ZKJL 

•Neutralizer heated (junction box used) 

Inh = 2A. 3 Omif> Rnk»= 18 KQ. -»■ 14. 9.K'q 

Inh^SA, 30 « Rak*=* ia3KQ-+l 
Iuh = 4A, 30 * Rnb« 1L8KJ1-»12 KjQ 

'Operation attempted under the original configuration - No 
ignition resulted. Heated again to see if mercury adhesion was 
the cause. 


Results indicated that there was no possibility of mercury adhesion, 
visual inspection of IEE5#2 and measurement of resistance of engine 
unit as a single component were carried out next. 

(3) Results of visual inspection 

a 

The entire sunrface of neutralizer keeper lead support was 
contaminated. 





with these results, Mitsubishi Electric was asked to inspect and 
treat IEB#2. 

(4) Inspection and treatment 

Recovery of insulation was attempted by self-heating of 
neutralizer keeper. Neutralizer was placed in a chattiber and voltage 
of 4V and 200V were respectively applied to cathode heater and keeper. 
Keeper voltage was increased to l.SkV and the final leakage current 
was 2mA, Insulation resistance recovered to SOM and no disorder was 
observed during ignition check, 

(5) Causes and measures 

Decrease in keeper insulation resistance was caused by metal 
material adhering to the ceramic keeper lead support during long- 
duration test. Judging from the conditions of contamination, the 
material seems to have been backspattered from vacuum tank by ion 
engine injection beam. Especially with the position of ion engine 
inside the chamber, it is possible that injected ion beam hits the 
gate valve flange near the engine. 

Based on the above, following countermeasures were planned for PM. 

i) For operating environment, degree of vacuum of under 

2 X lO“®Torr during non-operation and under 5 x 10"*® Torr 
during operation. 

ii) Duration of evacuation after exposure to air of over 8 
hours . 

iii) Installation of a spatter guard of Ti plate. Ti has the 
smallest mercury spattering rata among metals and also 
has a good absorbency of spattered material. Shape cf 
the spatter guard is shown in Pig. 6.19, 

iv) As above measures do not entirely prevent contamination. 
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6.7 Reduction of Power Consumption of Power Sources 

Main problem in the development test of lEP component and in the 
production of its PM was with electric power. For PSl and PS2, which 
use the largest power and high voltage, converter transformers made by 
Tamura Manufacturing Co. were to be used. 

However, with Tamura ‘s model 301, efficiency of circuits in PSl 
and PS2 was found to be considerably lower (73-74%) compared to the 
calculated value (83%). When replaced by a converter transformer made 
by Toshiba (TNQ277 2) used in BBM and PreEM, value equal to the calculated 
value was obtained. In order to meet the schedule, this Toshiba model 
was used in lEP of EM until an improved Tamura model was ready. Model 
301-4, reaching the efficiency of 77%, was planned to be used from PM 
on, when it was determined that no more improvements could be expected. 
This model had 2.8W more power than the Toshiba model, and, with 93. tW 
in power source device and 98. OW in lEP, was designed to meet the 
specification of less than 95W and less than lOOW, respectively. 

However, there was a calculation mistake of power consumption in the 
CDR input package, and it was found that power consumption of lEP 
exceeded 100W(105.8W) when the engine unit operated at the specified 
maximum of 68. 6W. As the maximum of power source PS9 was lowered from 
1.4A to 1.2A(See Section 6.2) in lEE, specified maximum operation 
power of lEE was changed from 68. 6W to 68. OW, and at the same time 
efforts were made to save pcvcer in lEP. In spite of this, it became 
increasingly difficult to continue the use of this Tamura model in PSl 
and PS2 in view of power loss. It was because NASDA-approved Tamura 
model used a special insulation method in order to accommodate high 
corona voltage (AC 2.3kV) . It was therefore decided that the same 
insulation method as Toshiba model would be employed and the corona 
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resisting voltage would be lowered to AC 1.3kV (equivalent of DC 1.4kV 
X 3), based on which trial products were made and evaluated. Finally, 
1086W~loss was obtained with trial product #3, which was selected for 
use in PM and subsequent models. It was also found that about IW could 
be saved by eliminating choice coil for EMC countermeasure. In order to 
do so, specified value of allowable transmission interference noise of 
power source line was changed from lOmAp-p to 30mAp*-p at lOOKHz - lOMHz 
Power consumption cut was attempted also by switching to a low-loss 
operatinal amplifier, reviewing the standard voltage circuit for 
possible sharing, etc. In this way, input power of lEP satisfied the 
specified value of iOOW or less(93W in PM and 95W in FM) . 
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lEP generates a maximum voltage of 1.4kV and minimum of -1.4kV. 
Measures for prevention of high voltage accident in space environment 
are summarized below. An accident in the high voltage unit of BS had 
just been reported, with which comparison was made. 

Configuration of high voltage unit was designed with the following 
guidelines . 

i) High voltage circuit will be potted with epoxy resin (STYCAST 
1090 SI) to improve pressure resistivity and to scale down, 

ii) Base plate components will be potted with epoxy resin or given 
conformal coating of polyurethane resin (SOLITHANE 113) to 
improve pressure resistivity. 

iii) Flying lead wire will be used for connection between high 
voltage circuits, except for interface between devices, and 
ends are either potted or given conformal coating, 

iv) In order to prevent deterioration with time, wire-wound part 
where AC voltage operates will be designed in such a way that 
it does not generate partial discharge ( corona- f ree) . 

Parts used in high voltage unit in lEP are listed in Table 6,4. 
Design and analysis of each part are discussed below. 

(1) Converter transformer 

Converter was produced according to NASDA-QTS-39013 (Common 
Specifications (plan) for Reliability-guaranteed Low-frequency Coil, 

Power Source Transformer and Low-frequency Transformer for Space 
Development) , and its voltage, withstand voltage and corona voltage 
are shown in Table 6.5. High voltage breakdovrei/deterioration mode to 
be considered and analysis results are given below. 

i) Insulation breakdown due to deterioration caused by 
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partial dischai'ge 

Each converter transformer does not generate partial 
discharge at operating potential level, 
ii) Insulation breakdown due to heat/mechanical deterioration 
Each part of converter transformer has been tested 
for heat shock, partial discharge and withstand voltage 
and passed evaluation test, and thus considered safe for 
this mode. 

iii) Insulation breakdown due to heat deterioration of materials 
Withstand heat range of main materials used in each 
converter transformer are as shown in Table 6.6. Heat 
deterioration due to operation temperature can be .Ignored. 

(2) Printed substrate 

Spacing of high voltage patterns .Inside the printed substrate was 
designed with the values sat under "conductor gap when protective film 
is used” in Table 1, Ii^ASDA-QTS-lO 23/101. For example, design standard 
for voltage of 1.4kVo-p is over 4.27mm, but the design value for 
minimum conductor gap, under the table, is 8mm. 

(3) High voltage connectors 

Connectors made by i\MP Co. for lEP are of the standards shown in 
Table 6.4. Joints with high voltage '*ires potted, they were used in 
combination with high voltage connectors, made also by AMP Co., and 
given 3~month continuous tests by applying twice the voltage to be used 
under a thermal vacuum ( 5 5C, 10"^Torr) to check that there were no 
discharge and deterioration. 

(4) High voltage cables 

MIL-w-81044 polyalkene wires were used. 

(5) Materials for potting and conformal coating 
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Potting resin below was selected for material stability# specific 
gravity# resin setting conditions# insulation properties# etc. 

Material. . .Heat -set ting epoxy resin 
Manufacturer.. .Emerson & Gumming, Japan# Inc. 

Product name. . .Stycast 1090SI 

Its properties are shown in Table 6.7. Glass setting temperatxire was 
about 80C. 

Coating material was selected for material stability# resin 
setting conditions# electrical properties# temperature characteristics# 
etc. 

Material. ..Heat -setting polyurethane resin 
Manufacturer. . .Thickol Chemical Corp. 

Product name. •• Sol itane 113 
Its properties are shown in Table 6.8. 

These materials have been approved by HASA for potting and coating . 

In order to evaluate reliability of potting and coating of printed 
board# heat shock test was given. Stycast 1090SI was potted on lEP 
high voltage unit (without electronic parts mounted on the board# one 
sample) and given the tests shown in Pig. 6.21. Results were good# 
as shown in Table 6.9. Similar tests were performed for the coating 
material# with distribution capacity and tan^ tests added to the early- 
stage and final-stage performance tests. Results were also satis&ctory 
Further# heat shock test {washer test) was performed to evaluate crack 
resistivity of potting material (Stycast 1090SI) . As shown in Fig. 6.22# 
5 samples with washers potted were tested. Mo cracking or chipping 
was observed on the resin surfaces. 
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Table 6.4 Parts Used In High Voltage Unit 


OF POOR QUALJT'i? 


symbol 

Name 

Parts no. 

Rated s 

— 

tandards 

value 

A3CR1 
— A3CR4 

Diode 

R9208P1 
( F30 ) 

Vfl =3KV 
Io= 1 OOffiA 

Vu< 1.5 KV 
Io<50raA 

V/t=1.4KV 
1(3 «=30mA 

A3CRS 

-A3CR8 

Diode 

R9208F1 
( P30 ) 

V/i«=3KV 

lOOtnA 

Va<l.SKV 

I^<50nA 

V«=L4fCV 
Tq= 1mA 

A3C1 : 

A3C2 ‘ 

Paper 

sondense: 



V3-B3004S-003 
E^(CMR1A302S0 2K) 

0. 0 S ^ F 
3 KV 

l.SKV)KT 

I.4KVmax 

i 

A3R2 Wire wound 
A3R8 resistor 

MSFC8SM03S60 

SHV70F1505 

l5Mn IW 
as KV 

0.5Wfe(T 
4.3 7 SKV 

0.1 3W 
MKVmftx 

IPA(B)JS E [ 4I-B0234S-002 

IPA(B)J6V0|c|g|^^ (86 2004-1) 

ISKV 

a?SKV 

2.8KVmaK 

AiTi Converter 1 

transfoLerSD«284P30i 

. j • ’ I 

- 

— 

— 

A1T2 Converter ' 

t?ansformerS°«2»^P3«2 

1 1 - 


- 

- 

AXT3 Converter 

t?anSfomer^'^<^^«^P^‘’^ 

I 

- 


- 

AIT 5 Converter 

t ran s forme: 

L—l 1 



.SD0284P304 

’ 

— 

- 

— 

1 

Wiring 

material 

44/0611A 

2.SKVrins 

1.77KVO-P 

1.4KVO-P 

— 

Printed 

board 

MPC30183S 

— 

- 

— 


Table 6.5 Voltage Used, Withstand Voltage and Corona Voltage 

Specifications For High Voltage Converter Transformer 


.Withstand voltage 


Parts no, 

Location 

used 

(l 

Voltage used 

■educed pressurt 
(«»E8«Hg ) 

Corona voltage 

SDO 284 
P301 

I EP 
PS l, 2 

1400Vo^p 

1 7 S 0 V r. m. s 

3 0 0 V r.m. sJfeU: 

SDO 28 4 
P302 

I EP 
PS3 

+ I 4 0 0V Float 
4 0 Vo_ p 

1250V r*nLs 

>1 4 0 0 VD.CfeLh 

SD0284 
P30 3 

I EP 
P S 4 

+ 1 4 00V Float 
6 V 0— p 

1250V ranua 

>1 4 0 0 VD.CMJ: 

SD0284 

P304 

I EP 
PS 5 

+ 1 4 0 0 V Float 
3 0 OVo-p 

1 2 S 0 V r. m. 8 

>1 4 0 0 VD.CfeU: 

SDO 2 8 4 Vasi-Gon ( ?) 
high voltag 
P332 power sourc 

fe S00Vo_p 

le 

6 2 S V ra m* 3 

>1 4 0 0 VD.CfeLt 
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Taple 6.6 Maxn Insulation Materials for Conver Transformer and Their 
Withstand Heat 


Parts 


Electrical wire 
Insulation tape 
Impregnaht 


Material 


Product name {Withstand heat 


PEW Esmet Wire 

Poly imid film Capton 
Epoxy resin Stycast 1090SI 


130C 

180C 

107C 


Table 5.7 Characteristics of Potting Material 


Subject 

Unit 

Electrical characteristics: 


Dielectric breakdovm strength 

V/mil 

Permittivity (IMHz) 


Dielectric power factor (IMHz) 


Volume resistivity 

n—cK 

Physical characteristics : 


Compressive strength 

Kp/aJ 

Elasticity 

«9/at 

Bending strength 

Ky / ai 

Shrinkage rate when hardened 

cm/cui 

Hardness 


Thermal characteristics : 


Thermal conductivity 

cal/fem, s«e.*C 

Coefficient of thermal expansion 

aa/'cia’C 

Temperature used 

*C 

Total weight loss{TWL) 

^6 

Vaporized condensed material (VCM) 



Value 


7] 

2 .' 

0.001 

10“ 

703 
1.4 X 10* 
281 
0.003 
78D 

4.1X10~« 

S4xl0“« 

“73—H07 

tt74 

ao9 








OE?ISIiWAi 
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Table 6.8 Characteristics of Coating Material 


Siabject 


Unit 


Value 


Electrical characteristics: 
Dielectric breakdown strength 
Permit tivity(lKEa) 

Dielectric power factor (iKHz) 
Volume resistivity 

V/mi 1 
£1— cm 

378 

0.16 2 
asxio** 

Phy s ical charact eristics: 
Tensile strength 

Kj/ai 

28 

Extension rate 


100 

Tear strength 

^9/cA 

25 

Hardness (27C) 


OOA 

TWL 

56 

0,3 1 

VCM 

56 

0.04 


Ficf. 6.21 Heat Shock Test of Potting Material (sample; printed 
substrate equivalent cf high voltage unit) 


Test sequence 

lEarlv-staqe performance testl — 

, ± , 

iHeat shock te;^ 

c - , 

Final~staqe performance test| - 

V 

iVacuum withstand voltage test} 

Heat shock test conditions; 
Temperature profile - 


1. Insulation resistance test 
2- Corona discharge starting 

voltage 

3, Withstand voltage test 


(same as above) 


1. Insulation resistance test 

2. withstand voltage test 



Room 

temperature 


cycle 


Number of test cycles - 120 
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Table 6.9 Results of Heat Shock Test 


OF POOR QUALlTv' 


Performance test: 

.early final , . 

stage . stage ■ Vacuum test 




AC2JSKV 

AC2.5KV 

Ho corona 

Ho corona 

Ho corona 

No corona 



2) —1.4 00V " 


DC2BKV1 

Normal 

if 

DC25KV1 . 

Normal 

if 

Normal 

Normal 


Fig. 6.22 Heat Shock Test of Potting Material (sample: washer) 


Sample: Washer pott 'z’. in dimensions 
shown at ric xt. 

5 samples. 


llfelE 


iaT\\ 



Heat shock test conditions : 






n 

1 n 

loot: 





1 - 

— 
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Room 

temperature 


1 cycle 5 cycles repeated continuously. 











Presented in this chapter are the results of system-level tests 
with the ion engine system installed on a satellite and the evaluation 
of their compatibility. Section 7.3 contains evaluation based on the 
system analysis. 

7.1 Outline of Tests 

Development tests for ETS-III at system level involved, for the 
purpose of solidifying design, EM cotiibination tests, structxaral model 
tests (static and dynamic load structural model tests), heat model test, 
etc. Of special concern to lES were electromagnetic compatibility 
test in the combination tests and heat model tests. They are discussed 
in detail in Section 7.3. Actual EM of the engine was used in lES 
electromagnetic compatibility test, while in other tests dummies of . 
electrical load, mass and heat were used instead. 

In the production tests. Qualifying Tests were given to PM and 
Acceptance Tests were given to FM. Qualifying Tests were aimed at 
establishing design and production schedule, and were executed for the 
subject matters and under the flow shown in Fig. 7,1.. As an unexpected 
trouble occurred in the Acceptance Tests which required a testing 
schedule change, the flow is partially irregular. Acceptance Tests 
were given for the subject matters and under the flow shown in Pig, 7.2 
for the purposes of checking functions and performances and verifying 
propriety of production schedule. Acceptance Tests followed the basic 
launch (?) sequence, with acoustic test eliminated. 

Although power conditioner was installed on the satellite for the 
production tests, it was decided that, as a rule, the actual engine 
would not be used in the system test for the following reasons: 
Deterioration of engine performance due to air-exposure is expected? 


In the event of mercury le^age^ safety of people and satellite would 
be a problem; It can operate only in vacuum/ etc. Engine substitutes 
are indicated in Q figure. In the Acceptance Tests, actual PM 

of the engine was used only in alignment test and the rest used dummies 
or actual PM. Thus, environment resistivity could be checked only for 
the power conditioner in the system tests . In the electrical 
performance tests before and after environment test, electrical load 
dummy was used to check teleraetry/command function, power source 
device output, and logical control function of power source control 
device against telemetry output. 

Qualifying Tests were completed in 9 months and Acceptance Tests, 
in 7^ months. For overall system tests, refer to the "Report on 
ETS-III Development Results. 
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Fid, 7.1 Qualifying Test Execution Schedule for ETS-III PM System 


Year 
Month <fl) 
day (a) 


&s(l981) 

6 7 


10 


20 


10 20 


10 20 


10 


20 


10 


20 


21 


12 


10 20 


10 


20 


ID 20 


to 


10 20 


11 


10 


20 


tm) 

fA 


=*14 21 


.30 


Ji ^ I0C3I3 


u 


y 

^ c 

^ c wmmsi 
5 m ^ asQ27 

tmHffR 7 


26 


27 


?ts« 

*tEK 

imr- 


I 


8 


y ! 

I 'wjzaamm, 

T 


§ 

fA 


28a29 
I— « 


21 23 11 19 2S 


10 

\ 


11 

« 

(Heat 

test 




Trouble-shooting for: 

*i out-of-standard leakage 

«2 burned printed siabstrate inside ACE 


30 t — ^ 5 

iq 18 7«=.7 

tt 19 18019 

SS K 

f ;a 22 


Kt H S-r . 

2 K « 
“ « U 
& im £ 
0^ mi 
% 


1. Electrical performance test (I ) , (II) ahd (III) 

2. Alignment test (I) 

3. RP performance test 

4. Paddle turning test (I) 

Mass characteristic test (I) 

5. Rocket interface 

6. Transporting (Tokyo to Tsukuba) and electrical performance (II) E 

7. Alignment check 

8. Leakage test 

9. Oscillation test 

10. Alignment check 

11. Heat balance 

12 . Thermal vacuum 

13. Alignment check 

14. Acoustic test 

15. Shock test 

16. Paddle turning test (II) 

17. Magnetic test 

18. Electrical performance test (II) (includes leakage test) 

19. Transporting (Tsukuba to Tokyo) and electrical performance (II) 

20. Alignment test 

21. Mass characteristic test 

22. Pinal appearance inspection 

23. Paddle irradiation test 
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Fiq« 7,2 Acceptance Test Execution Schedule for ETS-lll pm System 


Year <*) 
Month (A) 

(B) 


9 

10 

10 

20 10 ZO 

7 

=€ 6 


1 

c=3a 

16 


_ 1 * 1 

U 

S 

3 

19^^ 

4 

in 


(DU 

F tt 


0 

tt 

e( 

» 0 

n 


(U 

tt 


»(1981) 

tt 

10 20 


57 (1982) 


12 

10 20 


10 


20 


to 20 


10 20 


10 


20 


5 Sg^i 


6 '?a” 

7 «H{| 
: 


in in S 

•tt F 
* 

a » 

% 

a 

m\ 

0 


10 


_13 




IF 




13 


14 

tt 


12 


tt 

(fl) 

0 


ttnlZ 


30 7 


13 


1^22 


4 13 


h 


15 

( 4A tt M) 


■*2S a 


16 

8 17 

® te ^ B 


12 14 
Pis 23 


tt 

fift 

in 

0 


<3> i££9;a 

(D I EEttaflffiiTi - 
® lEEMi*';- 


actual unit 
electric load dummy 
mass dummy 
heat dummy 


/ 

h 

tt 

im 


2Q 

M R 

ini H 

® i 


1- Electrical performance test (I) and (III) 

2. Alignment test (I) @ 

3. RF performance test _ 

4. Paddle turning test (I) 

5. Mass characteristic test (I) @ 

6. Rocket interface 

7. Transporting (Tokyo to Tsukuha) and electrical performance (II) @ 

8. Alignment check 

9. Leakage test 

10. Oscillation test 

11. Shock test @ 

12. Paddle turning test (II) (^ 

13. Alignment check 

14. Paddle irradiation test 

15. (Heat test) Thermal vacuum @ 

16. Magnetic test (^ 

17. Electrical performance test (I) © 

18. Leakage test 

19. Alignment test (II) 

20. Mass characteristic test (II) @ 

21. Final appearance inspection ^ 


7«2 Test Results 


Development tests relating to lES were those of electromagnetic 
compatibility and heat modal. There was no problem with the former, 
while results of heat model test called for a review of some aspects 
of heat design of the satellite, which was reflected in detail design. 

In the production test, a trouble occurred during QT of RF 
performance test in which telemetry output of IBS main cathode keeper 
current shut off. The cause was determined to be that the diode 
(NASDA TXlS-2204) ,used for rectifying telemetry signal power source, 
opened and failed due to insufficient derating of transient currant 
when pother was supplied. Transient current in similar type circuits 
was studied using EM, etc., and 13 diodes with insufficient derating 
(50%) were replaced by JAN TX7 IN645-1. Same was done for PM, As 
this required digging up potted diodes and repotting the replacements, 
oscillation and heat cycle tests were performed and any presence of 
cracks was checked by X-ray. 

There were no other lES-related problems in the system production 
tests, and thus, it was determined that functions and performances of 
power source device and power source control device satisfied 
requirements. Table 7.1 is a summary of IBS-related Qualifying and 
Acceptance Tests. As stated previously, performance of the engine 
unit was not tested on the system level. 
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Table 7.1 lES-related Results of Satellite System Tests 


EPTil) I|n #1 Bus On O.SOOAi Beam On 3.34A 1 |b #1 Bus On 0.321A, Beam On 3.37A 

first #2 BusOn 0.300A. Beam On a3IA #2 Bus On 0.321A. Beam On 3.42A 

time 


#2 BusOn 0.3 21 A. Beam On 3.4 2A 


Alignment(i) = <»•<» 96“ o, = ai5i" 

#2 d, =-0,027“ = 0.0 50' 

SSltt 0.0 7“ 

After 


Pinal 


#1 =-0.23B“ 0, =-0.008“ 

#2 e^-0.QZ2° fl, = 0.0 5 9“ 

0.0 3“ 

. . After Pinal, 

at: sfracfip 


Mass Gharacfc eristic , ^ paddle stage paddle stage^ 

Mass cnaraccerisc launch expansion operationi^®'^'^°^ expansion operation 


(-439, 

± 100 . 

91^ 


Center 

of 

gravity- 


y<y 0.0 3 -0.4 -0.3 

La 731.4 6711-674.4 665.S-6( 

unit «« 


0*01 

«1.0^0.9 

-LO^U 

0.01 

0.4 

0.5 

730.7 

6 7i5--67 4.5 

€ 6 4.9-^6 67 


X-Gom-— — 

Shock SBSponent^®^ G mud 

17, 1 3G 

* MUD ; Miss ion Panel II 


1 X-cora ; — r 

Paddle srs ponent peak G 

expansion „„„ 

EPS M(in^ 

-Y expansion^ 66 * 75 120. 93 

I 

+y expansion: 770 . 66 O I 60 . 90 


Heat balance 


Low temp. High temp, 
case** case*** 
min. max. 

IP base 0.71; 21.21C 

I R base —0.4 1 4.8 

I EE base 2.0 26.2 

** solar On/Off, tf=90“, I a. 3 sow/m*, 
spin. lEs Off 

♦♦*solar On , «=21.5“, IR, 380W/m', 

spin, lES On 
P,fc = 3SW, P„ = 5aiw 


MUD - not measured 


MOD - not measured 


EpTm 

-in 4^1 BusOn O.SOOAp B6Atn On 3.36A 

#1 BusOn 0.321A, Beam On 140A 

Final 

#2 - not tasted. 

#2 BusOn 0.3 21 A, Beam On 3.4 2 A 






7.3 System Compatibility 

7.3.1 Electromagnetic Compatibility 

Ion engine basically generates electromagnetic waves in order to 
accelerate discharged and charged particles. Power source device is 
composed of many switching regulators which generate higher harmonic 
noise. Based on the flight data from the U.S. it was thought that 
with grounding system, shield, etc. in the sub-system, noise would 
not be a problem. However, data on radiation noise obtained by 
operating PreEM engine with ground testing power source in the engine 
Tinit PDR showed that noise level was not within tolerance. Therefore 
in Ed, electromagnetic interference was measured in the engine and in 
the power conditioner separately, and also in the combination of the 
two as a sub-system. Further, it was decided that electromagnetic 
compatibility would be tested at the system level. 

Ed of lES was later produced. Measurements made of the engine 
unit with the ground testing power sources ware over the tolerance 
level, while measurements in a single power conditioner unit and in 
the sub-system were within the tolerance (See Section 4.4.5). 

In order to study electromagnetic compatibility with TTC system 
on the system level, the engine (Ed) was placed in an FRP vacuum 
chatriber called EMI simulator, as shown in Fig. 7.3 and operated under 
the similar configuration to that in actual boarding, FRP was chosen 
for its superior electromagnetic wave permeability and little danger 
of breaking, as it is stronger than glass, TTC system was boarded on 
the +i:-plane of the satellite, power conditioner was boarded on the 
inside of -X-plane and ion engine, on the outside, with -X-plane 
separating the vacuum and atmosphere. Satellite (S/C) and vacuum 
chamber were placed inside wave darkroom, and simulated S/C power 





source and evacuation system (helium compressor for cryo pump, rotary 
pump, etc.) were placed outside. Outline of the vacuum chaniber is 
shown in Fig. 7.4. The chamber was developed specifically for this 
test. It is unique in that its main structural material is FRP, and 
with the degree of vacuum of 4 x 10~^Pa, degasing is no longer a 
problem. 2) 

When the engine was beam-injected, AGO level of VHP command 
receiver on the satellite side increased by 8dBm, to -95dBm. This 
was IdBra less chan the worst case recaption level of -94,2dBm (ground 
transmitter output of 40W, altitude of 1,200km and elevation of S**), 
but judging from the sub-system test results shown in Section 4.4.5, 
it was thought to be a problem of test configuration (effects of 
multipassing into the wave darkroom of vacuum device, equipments, etc., 
or effects of grounding system) No fluctuation of AGC level was 
observed with S-band. 

From these results it was concluded that there was no operational 
problem even in the worst case if S-band was used in command transmitter 
or if the output was 400W in VHP. 

No significant increase in AGO level of VHP by IBS operation has 
been confirmed by the flight data of ETS-III so far obtained. 
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7,3.2 Heat Control System 

(1} Development test 

Engine and power conditioner are boarded on a louver heat control 
surface called Mission Panel IJ (See Pig, 4.10). 

To check the propriety of heat design, heat model utilizing a 

structure of a static load structural model was made, and heat balance 

test was performed. Heat dummy, described later, was used in place 

* 

of engine. 

As a result of its evaluation and analysis, changes in mathematical 
model of the satellite and in ACS-related power consumption became 
necessary. 

Based on the results of heat analysis it was estimated that with 
the present design the temperature increase inside satellite over a 
long period of IBS operation was large, with some components (batteries, 
tape recorder, etc.) exceeding AT temperature. Therefore, it was 
decided that radiation surfaces of TTC and EPS panels would be enlarged 
and that the heater on the Mission Panel ll would be removed. Also, 
with the knowledge that the ion engine was the largest heat generating 
equipment on the ETS-III, its mathematical heat model and heat dummy 
were reviewed for accuracy. 

As a mathematical heat model of the engine unit, 3-node model 
shown in Fig. 7.5 had been submitted by Mitsubishi Electric Co. 

Because of the accuracy improvements required by the heat analysis, it 
was changed to a 10-node model shown in Pig. 7.6. Steady-state 
temperature distribution, during beam injection with a constant satellite 
base plate temperature of 55C, determined by the 10-node model, is 
shown in Table 7.2. Overall, the results are higher than the actual 
engine, with the heat flow into satellite being about 20% more than 
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the actual. Thus, mathematical heat model and engine unit are not in 
complete agreement# which# along with operational analysis, requires 
further work. 

Heat dummy of the engine used in development test was produced 
by ??oshiba based on a 3 -node model. Because this in itself was a 
rough model and because of lack of information on the surface optical 
properties of the engine# etc., the dummy's heat flow into satellite 
was considerably more than the actual engine's. 

On one hand# heat -simu3a ted ion engine had been studied jointly 
by UAL and liIASDA in 1979. It was a structure similar to the actual 
engine# with plasma load replaced by a sheath heater. Heater 
resistance was matched with plasma impedance. As mercury's effects on 
heat capacity and heat transmission could not be ignored# the tank was 

V. 

filled but the supply was cut off by a blind board# inserted between 
vaporizer and mercury tank flange. Heat vacuum test of this heat- 
simulated ion engine confirmed that it had heat characteristics 
similar to the actual engine. 

The results were incorporated into the Toshiba model and a 
modified version was used in the heat test of the system. Main 
modifications were: surface optical properties were made closer to 
those of the actual engine; and in stead of substituting keeper 
discharge by a cathode heater# another heater for keeper power source 
was installed. The latter improvement was based on the interface 
requirements of power conditioner. Diagram of this heat dummy model 
is shown in Fig. 7,7. In order to study its heat characteristics, 
thermal vacuum test was performed under the configuration shown in 
Pig. 7.8 in a space chamber at Toshiba's Komukai Plant. A relay# 
acting as hollow cathode and main discharge ignition, served to connect 
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heater load to the corresponding power source. Power conditioner 
(IE and IP) and Iieat dummy were mounted on separate power control boxes 
which were cooled by the chamber shrouding liquid nitrogen and 
temperature-controlled by the heater. Pig. 7.9 shows the measured 
temperature distribution in steady-state (long mode) when the base 
plate temperature was 55C. Table 7.3 shows heater power. Temperature 
distribution of main and neutraliser hollow cathodes differ 
considerably from the actual {for example, in the main hollow cathode, 
vaporizer is about 300C and cathode is about SOOC, while in the heat 
dummy they are 192C and 230C, respectively) . Presumably, this is 
due to the structural change required by addition of the heater, which 
allowed easier heat transmission. Also, mercury tank temperature was 
106C, against the actual temperature of 70-80C, While internal 
conditions thus lack in accuracy, temperatures of the area bordering 
satellite and the shell which radiates heat to the outside, etc, are 
closer to those of the actual engine, and it was considered sufficient 
for the testing purposes. Gain/loss of heat control box 1, calculated 
from the test results of this dummy is as shown in Table 7.4. Heat 
transferred from the dummy to box was 30-40% of the heat generated by 
the engine. This is very close to the value calculated from the 
actual engine data (39%) in the 1979 ETTL/ErASDA joint research. 5) 

This heat dummy was used in the heat test of the Qualifying and 
Acceptance Tests of the system. 

(2) Qualifying Tests 

In the Qualifying Tests, heat balance test for checking heat 
design and thermal vacuum test for checking resistivity under the 
environment were performed. 

Heat balance was tested for two angles of incidence of the sun(^^/3). 


shown in Fig. 7.10. Satellite was mounted on a test fixture of 2-axis 
gimbals and rotated aro\and Y-axis according to the orbit cycle. Solar 
simulator light was radiated from directly above, facing the page. 
Effects of earth's infrared radiation and (aru-be-do ?) are simulated 
by IR lamp, mounted on a cage. When ^ is 0°, average orbit heat input 
is at its minimum, and when /9=63.sf which is equivalent of the total 
duration of sunshine, it is at its maximum, fi =:66.5^and lES long mode 
operation provide the maximum heat input conditions. Heat balance was 
tested for each case. Temperature measurement points on the Mission 
Panel II are shown in Pig. 7.11. 

Average temperatures of engine mounting area(2047B), power source 
device mounting area (2043) and power source control device mounting 
area (2040) are shown in Table 7.5. Inside the parenthesis are the 
minimum temperature at minimum heat input and the maximum temperature 
at maximum input. The table shows that heat is controlled well around 
lES and that the temperature at the start is relatively low. 
Temperature at the measuring point 2043 is defined as the temperature 
of Mission Panel II. Pig. 7,12 shows the results obtained by testing 
and measuring thermocouple at ^=68 . 5*! during non-operation and long 
operation. Pig. 7.13 gives temperature data on power source device. 
Mission Panel II, EPS panel, etc,, obtained by a flight sensor when 
^ =68. 5° and lES is in long operation mode. 

Although temperatures in the heat balance test do not directly 
reflect the temperatures in the orbit because of a slightly different 
environment, they are estimated to be close. 

Difference between estimated and actual t eraparatiires in heat 
balance test exceeded 5C in the Mission Panel II, eath-oriented panel 
and RCS panel. After correcting the set values of components' 
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calorific values# fixture temperature, interface temperature, etc. 
based on the actual values, remeasurement showed that the difference 
was less than 5C in all panels. Propriety of heat design was then 
checked and mathematical heat model was inspected. 

In the thermal vacuum test, heat stress was applied to each panel 
by irradiation from infrared lamp with the temperature profile shown 
in Table 7,6. Heat control loop was removed in order to reach the QT 
level. Table 7.7 shows estimated maximum and minimum temperatvires of 
lES in orbit and those measured in the test. Functions and perform- 
ances of lES during the test were normal, and heat environment 
resistivity was thus confirmed. 

(3) Acceptance Tests 

On the premise that heat design has been verified, equivalency 
of heat design to PM was checked by a. benchmark test in the Acceptance 
Tests, and no heat balance test was given. Difference of panel 
temperatures between PM and PM under the same heat environment in the 
benchmark test was under 1.5C, which established the equivalency. 

Thermal vacuum test was given with the same temperature profile 
as in QT with louver attached, assuming that it would exceed the 
estimated in-the-orbit maximum and minimum temperature levels. Because 
louver control was working well, external heat input by IR lamp was 
not enough for setting high temperature, requiring special means to 
increase internal heat generation. Table 7,7 shows temperature 
conditions imposed around lES, During this time, lES ' functions and 
performances were normal, and- its resistivity for heat environment was 
verified. 
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Fig. 7,5 3-node Model 
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1. Discharge chatnber, main 
hollow cathode/ neutralizer 
hollow cathode and cone 
support 

2. Housing and tank 

3. Shell 

4. Mission Panel IJ 

5. Radiation sink 


Unit: conductance - W/K; coefficient of radiation heat exchange - m2 


Fig. 7.6 10-node Model 



Unit: conductance - W/K; coefficient of radiation 


Main vaporizer and 
insulator 
Main cathode 
Discharge chatriber 
Neutralizer vaporizer 
Neutralizer cathode 
Cone support 
Housing 
Tank 

Outer tube of shell 
Outer rim of shell 
Mission Panel IX 
Radiation sink 


heat exchange - m2 


Interface with outside of system: 

• *^=0,4 andS=i0.2 of node 3, 9 and 10; €.>=0,8 of node 7 
•Radiation/absorption area - 0.0016m2 in node 3/ 0.0436m2 
in node 7; 0.0339m2 in node 9 and 0.0085m2 in node 10. 
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Table 7.2 Sample Analysis of 10-node Model 


Node 

•Heat 

input (w) 

fAnalysis- 

valueCC) 

.Measured. 

valueC’C) 

1 

10.03 

392 

290 

2 

4.4 

543 


3 

14.9 7 

364 


4 

1.6 7 

359 

230 

5 

5.9 5 

465 


6 

0 

149 

99—106 

7 

0 

73 


6 

0 

86 

76 

9 

6.5 7 

1 70 


10 

0.7 5 

157 


11 

0 

55 



Analysis conditions: 

1. External heat input - 6.57W 

in node 9 and 0.75W in node 10. 

2. Conductance between node 7 and 
node 11 (satellite base plate) 
is 0.84W/K. 

3. Node 11 is designated as a 
border node and is fixed at 55C 

Note) Measured values were taken 
during lEE QT and the heat 
input were slightly different 
from the analysis conditions. 



1. Anode heater 

2. Miain cathode heater 

3. Main cathode keeper heater 

4. Main vaporizer heater 

5. Neutralizer heater 

6. Neutralizer keeper heater 

7. Neutralizer vaporizer heater 
6. Insulator heater 











Table 7.3 Supplied Power in Heat Dummy 


heat dissipation 

( WATT ) 

DUMMY heater 


ANODE HEATER 


MAIN HOLLOW CATHODE 
HEATER 


MAIN HOLLOW CATHODE 
KEEPER HEATER 


main HOLLOW cathode 

vaporizer heater 


NEUTRALIZER HEATER 


NEUTRALIZER KEEPER 

heater 


NEUTRALIZER VAPORIZER 
HEATER 


ISOLATOR heater 


TOTAL 


SHORT MODE 

LONG 

MODE 

SPEC. 

value 

measured 

VALUE 

SPEC. 

VALUE 

measured 

value 

0 

0 

mmm 

14*97 

2 5.0 

2 1.3 

0 

0 


6.9 3 0.4 3-7.0 


0 


6.0 


1.4 7 0.4 3—2.5 


195 


543—47.5 41.17 28,36—37.00 37.02 


0.4 3-2.5 


Note) Short mode is a test which gives the equivalent of average 
calorific value of a cycle in repetition test. 


Table 7.4 Heat Gain and Loss 


heat ^ ^ 

quantity (WATT) 


heat quantity radiated 
prom Boxm 


heater power to control 
TEMP, op BOXdl 


heat quantity transfered 
from thermal dummy to BOX(I) 


heat dissipation 
IN thermal dummy 


' 

— 1 51C 

20*C 

SHORT 

mode 

LONG 

MODE 

SHORT LONG 
MODE MODE 

39*9 

41.3 

68.4 7 2.8 

19*7 

25.9 

53.5 oas 

20.2 

15.4 



41.2 37.5 


short LONG 

MODE 

MODE 

1 27.0 

128.2 

108.4 

1 15.5 

1 8.6 

12.7 

41.2 

37*0 
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Table 7.5 Measured Temperatures of Mounted Area on IBS (unit;l2) 


Equipments on board 
for experiments OFF 



IBS long-duration 
B*T mode 

/»=68S* 





Table 7.6 Thermal Vacuum Test 
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Satellite 

temperature profile 




Thermal vacuum test 


Sfame of test 

"e lec. per f ormance 
t est (III) sub j ect 
solar light 


spin angle 


attitude angle 


infrared 

lamp 





high temperature 1 
low temperature 1 
high temperature 2 
low temperature 2 
evacuate 

move to high temperature 1 
expose to high temperature 
move to low temperature 
expose to low temperature 
move to high temperature 
expose to high temperature 
move to lew temperature 
expose to low temperature 
return to normal temperature 
return to atmosphere 


LAUNCH mode B 
SUPPLEMENT mode 
NORMAL A-1 
" B-1 

" A-1 

" B-2 

’■ A-2 

" B-1 

" A-2 

” B— 2 

LAUNCH mode B 


Table 7.7 Temperature 

Measurements in 
Thermal Vacuum 
Test 


Sensor' 


QT^ 

max 

min 

4 2.8 

3.7 

4 5.7 

-0.3 


-1.6 


.Estimated 

AT n 1 in orbit 


45.9 6.4 


3 5.4 - 0.3 





































7.3,3 Oscillation and Shock 

(1) Oscillation test 

Qualifying Test was given under severe oscillation conditions of 
1.5 times the flight level G for 2 hours. Responding acceleration 
rates of Mission Panel are given in Table 7.8. They are considerably 
lower than the component test level, which indicates that the lES has 
been designed and produced to meet the vibration level of launching, 
with sufficient margin. 

lES was tested with flight level vibration during Acceptance Test, 
No faulty workmanship in the satellite, including IBS, was observed. 

(2) Satellite separation shock 

High shock level was observed on the separation surface of the 
satellite when the three stage rocket was separated, but it was much 
lower on the equipment -boarded surface t peak G level of shock response 
spectrum (SRS) on Mission Panel II was about 17G (X-axis) (Pig. 7.14), 
considerably lower than the component test level (See Pig. 4) . 

(3) Impact of paddle expansion 

Impact from power cartridge operation for paddle expansion is 
larger than that of satellite separation. An example of SRS of Mission 
Panel II is shown in Pig. 7.15. Peak G level is 90-160G, much lower 
than the component test level (Pig. 4) of 1,190G. 
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Table 7.8 Results of Oscillation Test{ System QT) 


I 


Z-axis X-axis 


Required ^-^ val ?- Required ^^ val^^ Required 

value* > looHzk lOOHz |>Tooffe|<: value* i> ioohzKioohz 


Y-axis 


Measured 


7 1 2o-aoooH2; 
Random 

I A I 1 5.6 4 Grms 



5-200H3: 

1 5.0 Go- p 

20fr-'2,OOOHz: 
5-0 Go “ p 


20 — aoooHz; 

l 5,6 4 Grms 



2 Grms 


^Required value at component level (QT) 


5-200Hz; 

1 5-0 Go-p 

200 -aOOOHz; 


20-a00OHi; 
1 5,64 Grms 



7.14 SRS of Mission Panel II 
During Satellite 
Separation Shock Test 




c«« *erM#c 

lilt uiNtft«rie»( u*v ne | 


7.15 SRS Of Mission Panel II 
During Paddle Expansion 
Test 




«M ii« <Nw«ncl>fa 4^3 ectm< 

n«t C4-ccr>ti 
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7,3.4 Alignment 


As the final installation of ion engine is doen at the launch 
complex/ the alignment test was for fluctuations caused by removal and 
for the initial setting. Auto-collimation was used for measurement, 
with an alignment mirror mounted on a grid. Results were, as shown in 
Table 7.1/ within 0.24^ with good reproducibility, RSS due to 
misalignment in FM(including hysteresis, heat distortion, etc.) was 
0.25“ 
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7.3,5 Remanence Moment 

Remanence moment of ETS-III is required to be leas than lATm^ for 
each axis. An engine unit uses 3 permanent magnets of alnico-5, 
magnetized to about 10,000 Gauss, and, by inverting the polarity of one 
of the tvra units, generation of remanence moment is prevented. 

Remanence moment of a single engine unit is shown in Table 5.11. Flux 
direction of the engine is in the X-axis. 

Pig, 7.16 shows measured results of magnetic field of X-component 
in the system test. Two symmetrical leaf patterns indicate the 
existence of the two engines. Difference of remanence moment between 
the two is small enough (0.03^Wb-m ^0,0 2ATm2) that there was no problem 
as a system. 

Fig. 7.16 An Example of Magnetic Field Distribution (X-component ;QT) 
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7.3,6 Power Source System 

(1) Input current 

IBS is connected to bus power source via fuses {5A x 2) and a relay. 
Transient current of IBS, as shown in Pig. 7.17, is about 4.8A and 
10-30tns at the maximum at the start of beam injection. Prearcing time- 
current characteristic of the fuse is 14A for continuous 30ms, which 
gives large enough margin. 

(2) Power analysis 

The worst case of power distribution during IBS operation was 
assumed to be at the orbit altitude of 800km and IRtJ or battery (1 out 
of 3) breakdown. Results of power analysis with the assumed IBS power 
profile of 26.5 minutes starting time and lOOW and 13-minute beam 
injection are shown in Table 7.9. In repetition test (IBS SHORT) DOD 
of batteries is tolerated up to 25% and thus it is operable for each 
cycle on all orbits in the worst case. On the other hand, DOD is 
tolerated up to 50% in long-duration test, in which case accumulated 
test hours (over 10 hours of continuous operation) over the duration of 
a mission (1 year) .are estimated to be as shown in Table 7.10. 
Accumulated hours are 30-50 in the worst case. Presumably, close to 
the targeted 100 hours can be accomplished if there is no breakdown 
(normal case) . 
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Breakdown 

mode 


Fig. 7.17 lES Transient Input Current 


Table 7.10 Possible Hours For 
lES Long-duration 
Test 
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7.3 .7 Attitude Control System 


Engine has torque arms with respect to the pitch shaft and yaw 
shaft. Attitude control system is that of 3-axis zero momentum. 

Torque around yaw shaft, with a short arm length of 10cm, is not of a 
major concern, as there are many external disturbances such as earth's 
magnetism and gravity inclination and angular motion is not accumulated 
during a cycle. Torque arm length around the pitch shaft is 
analytically estimated to be 24.4 ± 0.1 cm in the early stage and 
25.5 ± 0.1 cm in the final stage, based on the test results of mass 
flow characteristics, ± range depends on the paddle turning position 
and the difference between BOL and EOL comes from the decrease in the 
amount of RCS propellant. Amount of accumulated angular motion by a 
10-minute injection of the engine is 0.264Nms in EOL at the thrust of 
l.Smlil, Thus, it takes 70 minutes for the accumulated angular motion 
of reaction wheel to reach from zero to the maximum of 1.8561!Tms and 
42 minutes to the normal unloading level (60%), It is also estimated 
that more than 210 pitch unloadings are generated during 150-hour 
injection. Amount of RCS propellant required for this is about 0.4kg. 
As alloted amount for IBS unloading is 0.97kg, there is enough margin 
during operation. 
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7.3.8 Contamination 


Main waste materials from ion engine are i) mercury ion beam, 
ii) neutral mercury particles and iii) spattered grid materials. 

i) is the injected ion, and as thrust, it has a speed of about 
30km/s and its direction is within a 27-half angle cone, as noted in 
Section 4.4.3, These particles, making up about 70% of mercury flow, 
exceeds earth escape velocity and do not return. Thus, they are of no 
concern to the ETS-III. 

ii) makes up about 30% of mercury consumption and is e^diausted 
from the grid in the discharge chamber with maxwell distribution of 
average speed 0.22km/sec by heat movement (about 300C) having cosine 
direction distribution. It is safely assumed that mercury molecules 
do not collide with each other, and thus there is no possibility of 
their moving to the inside of the grid (satellite side). 

iii) is a result of slow moving mercury ion, produced by charge 
exchange of i) and ii) , spattering agaL nst accelerating grid, having 
been pulled by its potential (-1, OOOV) , Angle of incidence of charge 
exchanging ions is about 90, and the direction and amount of such 
spattered grid material (stainless steel) are known to be as shown in 
Fig, 7.18. Thus, the spattered material is not likely to move to the 
inside of the grid. In the case of ETS-III, however, as there is a 
louver radiation surface near the grid surface (See Fig. Al, 2 in the 
Appendix) contamination was monitored by injection experiments in the 
NAL/ISJASDA joint research. In conclusion, at half angle of over 80'“ 
from the axis of thrust, neither the sunlight absorption rate nor the 
infrared radiation 33a t© of a sample (molten silica second surface 
mirror) was affected(See Fig. 7-19) and analysis of adhered materials 
(by electron spectrum, fluorescent X-ray and atomic light absorption) 
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also showed that they were of insignificant amounts to yield any 
effects.®) The slight increase of o(at ^>80C was found to have been 
contributed mostly by Fe, Al, etc. spattered from the vacuum chamber 
wall/ a phenomenon peculiar to ground testing. 

From the above analysis and e;»:periments/ it is assumed that 
contamination of satellite by ion engine would be very little during 
a mission of ETS-III. 


Fig. 7.18 Direction and Amount 
of Iron Material 
Spattered by 
Vertically Entered 
Mercury Ion 
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Chapter 8 


Launch Cornplejc Maintenance 


8,1 Outline 


lES-related maintenance work flow at the launch complex is shown 
in Fig. 8.1. Power conditioner/ installed on the satellite, received 
maintenance work as a part of the satellite. Engine unit received the 
performance test at the NAL testing facility before being sent to the 
launch complex and was inspected upon arrival. Wire harness shield 
was mounted at the complex, after which the engine unit was installed 
on the satellite. Performance check was performed because the engine 
unit had been stored in a container for almost one year since the 
sub-system AT. In order to shorten the air-exposure time the engine 
was installed near the final stage, immediately before hydrazine 
filling. Thermal blanket was placed around the engine after instal- 
lation . 

Engine unit ' s air-exposure time was kept to a minimum by as much 
as dry nitrogen gas purge as the configuration allowed. Gas purge 
was continued throughout MST until Y-4(?), when the fairing was 
installed. As a result, the air-exposure time at the launch complex, 
which was a major concern, was kept to 140 hours, well within the 
targeted "500 hours or less." Connections to power conditioner were 
checked by an indirect method of monitoring temperature telemetry of 
the engine to see if it agrees with room temperature with the power 
conditioner OW, instead of sending power to the engine. 

For the hollow cathode assembly of the engine, which is of 
similar structure as electron tube and thus delicate and prone to 
deterioration in air, main and neutralizer hollow cathode replacements 
had bean prepared in case of emergency. Fortunately, there was no 
need for exchange. The replacement cathodes had been tested for the 
same performance requirements as FM in the assembly stage. 


OF POOR QUiVi-rn'ii', 

Aft@r preparation was completed^ ETS-III was launched by the 
£7 rocket No. 9(F) from Tanegashima Space Center Osaki launch complex 
at 14:00:00 Japan time, Septernber 3, 1983, and became our first 
medium atlitude, 3~axis attitude controlled satellite, "Kiku No. 4." 

The series of preparation carried out at the launch complex this 
time can basically be followed in the future, but the following should 
be noted: Piping of the nitrogen gas purge device not only lowers the 

efficiency of satellite/rocket-related work, but presents danger to 
the engine and thus, nitrogen sealing method should be considered 
instead; shielding of wire harness, done at the complex, should be 
done before AT, and; refilling mercury and checking injection before 
transporting have advantages and disadvantages which should be weighed 
on a case by case basis. 


Fig. 8.1 lES-related Work Flow (actual) in Preparation at Launch Complex 

% 


1982 






22 


1 2 




9 


22 28 t 2 


5 6 7 


rl-V/ h — ^l ■ — I 


24 24 30 3 

A A A A 

8 9 10 11 


1*^7: Engine unit preparation 

1. Appearance, charge/insulation and resistance value tests 

2. Draining and filling of mercury 

3. Performance test 

4. Weight inspection 
5- Transporting 

6. Unpacking/inspect ion (appearance, charge/insulation, resistance 
and weight) 

7. Wire harness shield installation and weight inspection 

8. Electrical performance test of power conditioner (system level) 

9. Installation of engine on satellite 

10. Inspection of lEE/lBP connections (system level) 

11. Launch 


8 . 2 Performance Tast 

The test was performed before transporting the engine unit to 
the launch complex, for the purpose of draining and filling propellant 
and inspecting performances including beam injection. Appearance, 
charge/insulation, resistance and weight were checked, mercury was 
drained and refilled, and performance test was given. Then, appearance, 
weight, charge/insulation and resistance were checked again, after 
which the engine was sealed in a container with nitrogen gas. 

For performance test, rated operation test, interface check and 
low-temperature starting test were chosen in order to verify the 
performance-maintaining conditions. Test methods were the same as 
those of engine unit AT (see Table 5. (blank)). Low-temperature 
starting conditions were the equivalent of the worst case of power 
supply interface, i.e. base plate temperature of -SC and neutralizer 
heater voltage of 5.2V. 

8.2.1 Test Results 

Summary of performance test is as follows. 

i) Fluctuation in ignition characteristic of main hollow cathode 
in Unit #1 was observed (ignition at 5.34V/5.30A for cathode 
heater, against 4.94V/5.0A in lEE AT) . 

ii) Fluctuation in ignition characteristics of neutralizer hollow 
cathode in Unit #2 was observed (ignition at 5.29V/4.82A for 
neutralizer heater, against 5.20V/4.69A in lEE AT), 

iii) Transient and steady state characteristics other than the 
above were the same as those shown in lEE AT. 



8.2»2 Evaluation 


(1) Ignition characteristics of hollow cathode 
As noted in the previous sub-section, fluctuation was observed 
in the ignition characteristic of hollow cathodes. In neutralizer, 
especially, ignition could no longer be guaranteed in the worst case 
of interface conditions. Based on the past development results 
(including IBE life test) and data from output voltage measurements of 
FM power supply, following conclusions were obtained. 

i) Fluctuation in ignition characteristic seems to have 
been caused by contamination of keeper electrode or 
cathode from ground testing, and it is not expected to 
worsen as this is the last of the tests. 

Contamination of keeper electrode changes the distribution 
of electric field in the surrounding area and that of 
cathode lowers thermion radiation rate, thus affecting 
ignition. 

Contamination occurs when materials, absorbed during air 
©xpos^tre, or air, mixed into pipes during mercury filling, 
oxidize cathode or the inside of keeper under high 
temperature in operation, or when spattered materials 
from vacuum tank adhere. Which factor contributed this 
time could not be determined. So far, many cases of wide 
fluctuation of ignition characteristic at the beginning 
of operation after exposure to air which recovered with 
repeated operations under high vacuum environment have 
been observed, and it is expected to be the case this 
time also. 

Among the factors of contamination, air-exposure will be 


carried out at the launch complex from now on. It was 
determined that by sufficiently degasing under high 
vacuum environment after launching and carrying out step- 
by-step degasing process (preheating and activation) during 
operation, its effects could be kept to a minimum. 
Fluctuation of ignitability in the main hollow cathode of 
Unit #1 had already occurred in the IBS AT, and the output 
voltage data of main cathode heater power source of the 
power source device #1 indicate that the range of 
fluctuation has not changed since that time, 
ii) Minimum output voltage of this cathode heater power source 
was slightly above the minimum ignition voltage of the 
hollow cathode Measured this time (margin of 0.29V in 
Unit #1 main hollow cathode and O.IOV in Unit #2 
neutralizer hollow cathode) , and coitbined with power 
source device, there should be no problem with ignition. 

Prom the above observations it was determined that even with the 
fluctuation, these two hollow cathodes were useable for flight. 

Fig. 8.2 show the histogram of ignition characteristic of the 
flight model through lEE and lESS Acceptance Test the performance test 
given this time. Clearly, under the same conditions (worst case 
indicated by "L”), ignition characteristic deteriorated with each 
ground test. This means the characteristic deteriorates with each 
repetition of injection test and air-exposure, at least for th*^ first 
several times after exposure. In this test, ignition of neutralizer 
hollow cathode in Unit #2 reached a critical level where no more ground 
test could be performed. Therefore, for future development, 
i) re-examine ground testing policies 

•less tests for flight models (for example, lEE and lES can 
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be tested in succession) 

•possibility of refilling of propellant; and 
ii) study what can be done on the power source side for passing 
type of deterioration of the characteristic. 

For the deterioration of neutralizer hollow cathode ignition 
characteristic in Unit #2, it was decided that cathode orifice would 
be cleaned at the launch pa<i as it seemed effective in the first 
ignition in the space experiment. This involves rubbing the surface 
layer of orifi'ie lightly with a pin gauge, removing oxidized film, etc. 
to expose the active surface. While a permanent recovery of ignition 
characteristic cai.not be expected, it is known to be effective for the 
first ignition. 

(2) Performance in steady state 

Final performance data on the engine units are given in Table 8.1. 
These values are within the fluctuation range of previous tests (see 
Table 5.10), which inditates that the same steady-state character it ic 
was maintained after 10 months of storage. 
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<OP-l) 

(OP- 2) 

(OP- 3) 

(OP-1) 

* 

(OP- 2 ) 

(OP- 3) 


Volt* 

KV 

0.99 

0.9 9 

0.9 9 

0.9 9 

0.99 

0.99 

Beam 

Curr* 

mA 

2 4.0 

2 4.8 

24.2 

i 

2 74 

2 7.5 

2 5.4 0 


VqU- 

KV 

“1.0 0 

-1,0 0 

-J.0 0 

-LOO 

-1.0 0 

-LOO 

Acce 1 . 

Curr. 

mA 

0.4 0 

0.3 5 

0.33 
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0.31 
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3 9.3 

39.7 
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3 8.7 

39.3 

0,3 4 5 
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0.3 4 4 

Curr* 

A 

0.3 4 5 

0.3 4 5 

0.34 5 

0,3 4 5 
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V 

/ 
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After the performance test# engine unit was sent to the 3-stage 
satellite assembly facility of Tanegashima Space Center. The container 
was placed in an airtight bag with a dryer sealed in, which was than 
placed in a cushioned wooden box. Transportation route was the same 
as that of satellite, and appearance, weight, resistance and 
insulation were tested afterwards to check that transporting did not 
cause any problem. Also, at this time, neutralizer cathode orifice of 
Unit #2 was cleaned. 

Then, EMI shield tape (copper foil) was wound on the engine unit 
wire harness and soldered onto shield cable. At the same time, 
scratches on the taflon film of high voltage cable were covered with 
mylar tape. (maximum depth of scratch was 0.25mm, to the film thickness 
of 0.85mm.) Pig. 8.3 shows the completed shield tape treatment. 

The surface layer has been reinfornced by mylar tape, and partially by 
silicone rubber tape. 

Then, the engine was installed on the satellite. The procedure 
consisted of appearance inspection, thermal grease coating, engine 
installation, blanket installation (I) , insulation check, connector 
installation, charge check, blanket installation (II) , and a final 
appearance inspection. Insulation resistance between the engine base 
plate and satellite frame was over 6Mii (above the full digital 
voltmeter scale) and charge resistance between the engine shell and 
satellite frame after the connectors were placed was less than 0.6/1. 

Clamp torque was 36kg-cm at the engine and 4.5kg-cm at the 
connector, which were within the standards. Thermal blanket covered 
the engine shell 16mm from the flange at the maximum, also within the 
standard. Final appearance v;as also normal. Thus, it was confirmed 
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that the conditions of the installed engine had no problem in 
electrical and mechanical configuration. 

In placing a thermal blanket around the engine, several steps 
were taken for FM: Capton insulation film was placed over the inside 
of the blanket, so thet its conducting surface could not affect the 
engine insulation; standards were set so that the blanket would not 
cover too much of the shell to cause heat problems; and glued area 
of blanket around the engine was increased so that lifting could not 
occur to cause heat or insulation problems. 

Fig. 8.4 shows the conditions of the engine installed on the 
satellite. 


Fig. 8.3 Wire 

Harness 

Shield 


Fig. 8.4 Engines Mounted on Satellite 
(Unit #1 on left) 




The final conditions of the ion engine before launching are 
described in this section. 

Table 8.2 shows the items on the engine unit with limited life. 
Air-exposure time and operation time for Unit #1 were 80 hours and 
220 hours# respectively# and 99.5 hours and 219.6 hours for #2# each 
leaving about 4/5 of life before launching. Sufficient effective life 
was left for other items as well. A3 though power conditioner is not 
included in this group# the accumulated operation time at delivery 
(before transporting to launch complex) was 75.6 hours for the power 
control device, 167.4 hours for power source device #1 and 92.2 hours 
for power source device #2. 

Table 8.3 shows the weight of the engine unit of the final 
configuration (after shielding) and the amount of propellant filled. 
Values of resistance in the engine unit are shown in Table 8.4. 

For about 30 hotirs before launching# humidity exceeded 60% (max. 
75%) due to a typhoon. Nitrogen gas purge was on# however# and it is 
assumed to have had no effects on the engine. 

Thus# it was determined that the ion engine system was in ready 
conditions for launching. 

Pig. 8.5 shows the appearance of satellite and engine immediately 
before the fairing installation. 
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Development of ion engine system, despite some problems encountered 
along the way, has resulted in the system that is suitable for flight 
on board ETS-III. Currently in operation in the orbit, both Unit #1 
and #2 are showing fine performance and the operation experiments are 
progressing smoothly. This is the second successful space experiment 
with ion engine following SERT-II of the United States, and the first 
involving a small ion engine. 

Technical knowledge accumulated through the development has been 
significant, to the level quite competitive to that of European and 
American countries. Some of the major accomplishments are as follows. 

(1) Necessary technology was acquired for the development of 
mercury electron bombardment type ion engine. 

i) Production technique for hollow cathodes was improved, 
resulting in stable quality products. 

This was achieved by clarifying selection standards in 
each step of assembly and stricter management of 
production process. 

ii) Much knowledge was gained on the deterioration mechanism 
of hollow cathodes during ground testing. 

With the knowledge, procedure and means to prevent 
contamination during ground testing were improved, 

iii) Heat design around vaporiser and insulator proved 
important for motive characteristic, and necessary 
techniques were learned. 

iv) For other components, technology developed since basic 
design was established. 

(2) Necessary technology was acquired for the development of 
power conditioner which runs the engine. 
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i) Through production of power source devices of multi-module 
structures, techniques for circuit system# heat design, 
layout# weight reduction# electromagnetic compatibility# 
efficiency improvement# systematization# etc. were 
acquired. 

ii) For high voltage power sources# techniques for insulator 
circuit# transformer# potting# etc. were acquired, 

iii) Techniques for stabilizing power source for plasma load 
were learned. Also# techniques for control or protective 
circuit for transient fluctuation of plasma load were 
acquired. 

(3) Techniques for interface of engine and power conditionwer were 
acquired. 

i) Ability to achieve system compatibility such as electro- 
magnetic compatibility was proved, 

ii) Techniques for incorporating ion engine into satellite# 
testing techniques# etc. were acquired. 

On the other hand, following are some assignments for the future, 
i) Further improve design and production techniques for hollow 
cathodes# with respect to higher reliability and stable 
product quality. Also, quantitatively analyze deterioration 
mechanism in the ground testing and take sufficient counter- 
measures . 

ii) By improving heat design of the engine# improve transient 

characteristics during operation and control the influence of 
external heat environment, 

iii) Stabilize power supply in those power sources for v*iiah 

electrical interfacing with engine is critical. On the other 
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hand, simplify circuits where there is too much margin in 
power source functions and performances, 

iv) Establish management standards for interface of engine unit 
and power conditioner in the detailed design stage at the 
latest. If manufacturers are different, standardize the 
system, including sub-system integrator, to avoid faulty 
interface. 

v) Unify engine dummies in system tests, 

vi) Study an air-tight structure of systems including hollow 
cathode in order to reduce the influence of air-eKposure. 
Technological position attained so far in this development can 
be summed up as "a stage where, in the development of itiN-class mercury 
electron bombardment type ion engine system, requirements for practical 
use, except for that of longer life, can be met.*' 

1990 's is expected to be the beginning of a new era where 
stationary satellites of larger size and longer life will be in demand 
worldwide. With a stationary satellite weighing several tons, required 
designed life will be about 10 years and higher orbit maintaining 
accuracy will be required. In such a system, weight advantage brought 
by the application of ion engine system over chemical propulsion 
reaches over 10%, and its superiority will be apparent. 

Prom this viewpoint, and based on the development results of 
ETS-III ion engine system, plans are being made for the development of 
lOmN-class ion engine system which can be used in orbit-maintenance 
of 1 - 2 ton, large size stationary satellites of the next generation. 
Also, with the view towards developing the independent space 
technology and thrust system technology in our country, it is hoped 
that the development of ETS-III ion engine system v;ill be continued 
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into the future 
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AI.l Purpose of development 

Engineering Test Satellite (III) is a medium altitude# 3-axis 
attitude controlled satellite# developed to establish common 
technologies for artificial satellites requiring large power of the 
future# and has the following four missions. 

(1) Verification of 3-axis attitude control function. 

(2) Verification of solar battery paddle expansion function. 

(3) Verification of active heat control function. 

(4) Experiments with equipments on boards 

1. Vi-si-con (vision-controlled? computerized?) camera 

2. Ion engine system 

3. Active heat control system 

4. magnetic attitude control system. 

The satellite will be launched into an orbit of 45 inclination 
at an altitude of 1# 000km by an N-1 rocket from the Tanegashima Space 
Center in the summer of 1982 for a one-year mission. 

A1.2 Composition and shape of satellite 

Composition of the satellite is shown in Table Al.l. It is 
grouped into basic equipments and equipments for experiments on board# 
with the former comprising 6 sub-systems and the latter# 4 sub-systems 
Dimensions and shapes of the satellite are shown in Pi^. Al.l. 
Positions of each sub-system and component are shown in Fig. A1.2. 
System block diagrams are givfsn in Pig. Al. 3 (basic equipments) and in 
Pig. Al. 4 (equipments for experiment). Fig. Al.5 is a conceptual 
diagram of the satellite in orbit. 

Al.3 Performance of each sub-system 

Main performances of basic equipments are shown in Table A1.2 
and those of equipments for experimentts are shown in Table Al.3. 















































(Explatjation for Table Al.l) 


A. Satellite 

B. Basic equipments 

C. Equipments for experiments on board 


1 . 


2 . 


3. 


4. 


5 . 


6 . 


Attitude control system 

1.1 Eartb sensor 

1.2 Rate measurement assembly 

1.3 Attitude control electronics 

1.4 Reaction wheel 

1.5 Solar sensor 

1.6 Rate gyro package 
Heat control system 

2 . 1 Thermal louver 

2.2 Parts: Heater/thermostat/temperature sensor HT/THT 

Thermal coating OTO 
Insulating blanket 
Spacer, etc. 

Power source system 

3.1 Solar battery panel 

3.2 Battery 

3.3 Shunt dissipator 

3.4 Power control unit 

3.5 Power distributor 

3.6 Ordnance control unit 

3.7 Solar cell characteristic measurement unit 
3,3 Harness 

Gas ject system 

4 . 1 Tank module 

4.2 Filter module 

4.3 Thruster cluster 

4.4 Access module 

4.5 Breaker valve module 
Structural system 

5.1 Service bay 

5.2 Mission bay 

5.3 Satellite adaptor 

5.4 Gas jet system structure 

5.5 Equipment panel 

5.6 Supporting transformer 

5.7 Solar cell paddle maintaining/expansion structure 

5.8 Paddle drive unit 

5.9 Blanket support 

5.10 Separation switch 
Telemetry command system 

6.1 Command receiver /telemetry transmitter 

6 . 2 Command decoder 

6.3 Telemetry encoder 

6 . 4 Taperecorde r 

6.5 R & RR transponder 

6.6 Antenna for telemetry commands 

6.7 Antenna for R & RR 
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. Camera equipment 

7.1 Television camera 

7 . 2 Camera head 

7.3 Electronic circuits 

7.4 Camera control unit 

7.5 Power source unit 

7.6 Picture transmitter 

7.7 Antenna 

. Active heat control system 

a.l Device for thermal louver experiment 

8.2 Device for heat pipe experiment 

8.3 Instrument unit 
. Magnetic attitude control system 

9.1 Coil 

9.2 Timer driver 

9.3 Power source unit 
10. Ion engine system 

10.1 Engine unit 

10.2 Power conditioner 

10.3 Power source device 

10.4 Power control device 



Table A1.2 Main Performances of Main ETS-III Equipments 


Subject Performance 

Approximate size Box-shaped main body; 0,85m x 0.85m x 2,1m 

Solar cell paddle part; 0.88m x 6m 
(paddle cant angle - 20® ) 

Weight At the beginning in orbit : 385 gkg 


Accuracy of 

attitude control 
(orbit altitude: 


Roll 

Pitch 

Yaw 

During steady state 
control (regulationj 

0.5‘ 

(o.or/s) 

0.5* 

(o.or/s) 

0,7^ 

(0.01/S) 

1,000km) 

During thruster 
backup 

1.0® 

1.0® 

1.0' 


Accuracy of paddle 

control Angle of incidence of the sun; ±5* 

Reaction wheel Angular momentum; l,856Krms, three 


Thruster Thrusts IN, twelve 

Propellant Hydrazine (effective propellant 18kg) 

Propellant tank 0.31m sphere-shape, two 


Solar cell element 
Solar cell paddle 
power generation 
Battery 

Bus power voltage 
Ordnance conditioner 


Silicon N/P-type, 2cm x 2cm, 7,140 
(perpendicular incidence) At beginning; over 300W 

After 1 years over 260W 
Hi-Cd, capacity 8AH, 16 in series, 3 systems 
+28VDC ± 1 % 

Ignition current; 3.5-7A, 16 systems 
Duration of current supply; over 20mS, time 
difference within lOmS 


VHP talem.transmis. 
"Data format 


•Input gate 
capacity 

VHP command recept. 
•Command capacity 
•Timer command 

S-band reception 


S-band transmission 


136.112MHz, IW, PCM-PM, beacon O.IW 
Measure frame matrix^ 128 words x 8 
Word length; 8 bit 

Bit rate: 1024 BPS(real time); 26,624 BPS (stored) 
PCM coding; bi-phase level 

Analog 256, bi-level 176, serial 16 

148.27MHz, PCM-PSK-AM-PM 

Discrete 255, magnitude 63, stored 16 

17 min. (at satellite separation and command) and 

10 sec. (at satellite separation only) 

2116.6MHz 

f Range finding channel; PN-PSK-PM 
Icommand channel; PCM-PSK-AM-PM 
Range finding channel frequency; 2.4MHz 
1705MHz, 1.4W 

/Range finding channel; PN-PSK-AM-PM 
iTeleraetry channel; PCM-PM-PM 
Telemetry sub-carrier frecuencv; 87,5KHz 


(continued to next page) 


(Table A1.2 continued) 


Thermal louver Operation temperature: -150*^+550 

Bi-matal/substrate temperature difference: ^ 3C 
Effective radiation rate: blade closed 0.11 

blade open > 0.35 

Thermostat For mission panel heater control: 16C ( standard) 

set temperature For TTC panel heater control: 8. 8C (standard) 

For battery and RCS panel heater control: 

11 . 6C (standard) 

Insulating blanket Effective radiation rate: 0,015 +0.005 




Table A1.3 Mam Performances of Equipments for Experiments Boarded 
on ETS-III 


Subiect 


Performance 


Vi-si“Con ( ? ) earner a 
Effective pickup 

range 280kra x 210kra {altitude 1,000km) 

Visual field angle 

of TV camera 15. 9^ horizontal direction, 120® vertical 
Surface picture 

element distance 437m(altitude 1,000km) 

, Effective no. of scanning lines: 480TV 

Horizontal picture element: 680 
Pickup wave length Channel 1: 0.48 - 0.60#tm 


band 


TV camera 

Intermittent 
exposure type 


Channel 2: 0.60 - O.VOfim 
Channel 3: 0.70 - 0.88pm 

CdSe visicon (vision-controlled?) 3-tube type 


exposure type Exposure time: 8, 11, 16, 22, 32 x I0”^sec 

Exposure cycle: 5.25 sac. 

Low-speed scan Prams scanning time: 1 sec. 

Output signal type 3-channel sequential system 

Picture signal 

band width 180KHz 

Picture transmitter 1705MHz, 0.8W, PM modulation 
Power consumption During pre-heating: 4 10. 3W 

operation: 70W 




Actxve type heat control tinxt 


Heat pipe 


Thermal louver 


Variable conductance type 
Heat transmission capacity: i^isw 
Operation temperature (heated part) : 5 - 35C 
Bi-metal type 

Heat transmission capacity: >15W 

Operation temperature ( stabs trate surface): 0-40C 


instrument unit rHeat pipe: 10 (pre-heat) 5, 10, 15W 
Simulated heaterlThermal louver: 5, 10, 15W 
heating level Temperature data: 60 items 


Multiplex 

telemetry 


Heater voltage: 3 items 

Temperature data correcting voltage: 1 item 


Power consumption f During heat pipe operation: j4.30W 

iDurinq thermal louver operation: ^ 2 5W_ 


Magnetic attitude control unit 
Coil 

Magnetic moment 0.171 ± 0.026 ATm^/mA. 

characteristic linear, 0,15 ATm2 and less 
Remanence moment -i.0.05 ATm^ 

Timer/driver unit 


Mar. coil con- 
trol current 
Control current 
steps 

Memory capacity 


±37. 2mA 

0 ± 31 steps 
265 words/8 bit 


(continued to next page) 
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(Table A1.3 contimied) 


Generated magnetic 

moment 0 +6 . 36 ATm 

Power consumotion ^ 12W 


Ion engine system 

Engine unit Electron bonibardment type mercury ion engine 

Thrust 0.2 gr wt. 

Specific impulse 2,200 sec. 

Propellant flow 1 x lO^^gr/sec 
Propellant util- 
isation factor 70% 

Propellant loaded 600 gr. 

Power source 

control device Sequence program control method 
Power source device 

10-system Symbol game ~ 

power sources PSl beam 


nominal nominal 
voltage curren t 


PSl 

beam 

IKV 

30mA 

PS 2 

accelerator electrode 

-IKV 

1mA 

PS3 

discharge 

40 V 

0.35A 

PS4 

cathode heater 

5 V 

5 

A 

PS 5 

cathode keeper 

15 V 

0.3 A 

PS6 

cathode vaporiser 

3.5V 

2 

A 

PS 7 

neutraliser heater 

5 V 

5 

A 

PS8 

neutraliser keeper 

24 V 

0.25A 

PS9 

neutraliser vaporizer 

2.1V 

1,2 A 

PS 10 

insulator heater 

3 V 

1 A 


Power consumption jL lOOW 



(0 o 















Wmm 




40 















(Explanation for Fig. A1.2) 


1. Earth dir actional panel 

2. ATC thern^l louver 

3. Earth sensor 

4. VC antenna 

5. ATC heat pipe 

6. Antenna for R & rr 

7. Antenna for telemetry command 

8. Support truss 

9. Solar cell characteristic 
measuring device 

10. S-band diplexer 

11. S-band diplexer LPP unit 

12. Power distributer II 

13. MAC timer driver unit 

14. VHP diplexer 

15. MAC coil Y 

16. MAC coil X 

17. Rate gyro package 

18. Thermal louver 

19. VC camera head 

20. VC camera control unit 

21. VC picture transmission unit 

22. VC power source unit 

23. MAC power source unit 

24. Mission Panel (I) 

25. VC electronic circuit ^^nit 

26. MAC coil Z 

27. Mission bay frara 

28. lES power source control unit 

29. lES engine unit 

30. Thermal louver 

31. Mission panel (II) 

32. ATC instrument unit 

33. lES power source unit 

34. Tank(l) 

35. Blanket support 

36. Thrust cluster 

37. Tank (2) 

38. Gas jet system structure 

39. Service bay frame 

40. S-band receiver/transmitter 

41. Telemetry encoder 

42. Command decoder 

43. VHP receiver/transmitter 

44. Solar cell element panel IJ 

45. TTC panel 

46. Shunt dissipator 

47. Y paddle 

48. Outer panel 

49. Inner panel 

50. Power distributor I 

51. Battery 

52. Solar cell element panel III 

53. Power conditioner 


54. Ordnance conditioner 

55. EPS panel- 

56. Solar cell characteristic 
measuring device element panel I 

57. Solar sensor (2) 

58. Shunt dissipator 

59. Solar sensor (1) 

60. inner panel 

61. Outer panel 

62. +Y paddle 

63. Reaction wheel (Y) 

64. Paddle drive device 

65. ACS SAD panel 

66. Reaction wheel (R) 

67. Attitude control electronics 

68. Rate measurement assembly 

69. Reaction wheel (P) 

70. Tape recorder 

71. Satellite adaptor 

72. Separation switch 



























(Explanation for Pig. A1.3) 


ACS 

rr”+5V from ENC 

2. via PWC 

3. Resistance module I 

4. IRU test connector 

5. IRU gyro 3 

6- TLI^/Cl© interface port A/b 
7« Analog signal buffer 
8- Analog multiplexer A/B • 

AD transformer A/b 

9. SAD paddle control electronics 

10- Start timer 

11* RW port/driver x 3 

12. Thruster port 

13. Sensor SX6 

14. Drive SIO 

15. Temperature sensor 

16. Fire SIG 

17. Potentiometer 

18. Damper 

19. Motor 

20. Position indicater 

21. Interface connector 

EPS 

1. SCM monitor panel 

2. To TTC 

3. SCM monitor panel 
4- Heater feus 

5 . Relay module 

6. Battery heater 

7 . Battery disconnect 
8- Empirical connector 

9. Interface connector 

10. Ordnance tarn-on connector 

11- EED test connector 
12. Pire SIG 

RCS 

1. Resistance unit 

2. Interface connector 

3. via PWC 

4. Heater bus 

5. Propellant shut-off valve 
Open/close monitor 

6. Temperature sensor • 
pressure sensor 

7. Propellant valve Open/Close 

8. Shut-off valve Open/Close 

9. Propellant valve heater 

10. Catalyzer tank heater 

11. Propellant tank 

12 . Pressure detector 
13- Filter 

14. N2 gas exhaust valve 


15. Propellant drain valve 

16. Shut-off valve 

17, Propellant valve 

18 , Thruster 

TTC 

1. Mission Panel I heater 

2. TTC panel heater 

3 . RCS panel heater 

4. Heater bus 

5. Temperature sensor 

6 . Processor A 

7. PSK demodulator A 

8. Stored command memory A 

9 . " “ " B 

10. Processor B 

11. PSK demodulator B 

12. Temperat\are pressure sensor 

13. Resistance module 1 

14. S-band transmitter/receiver 

15. CMD receiving unit 

16. TLM transmitting unit A 

17. TLM transmitting unit B 

18. Diplexer 

19. Diplexer 

20. Interface connector 

21 . 

22. From PRU 


T : Temperature sensor 

: S/C bus power source 

(CMd) : Command signal 

(TLM) 1 Telemetry signal 

(CLK/ SIG) : Clock, enable, MAPS, 
MIPS 

(TLM, COED) : Telemetry conditioning 


Connectors and modules outside the 
broken lines ( ) belong to EPS 
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(Explanation for Fig. A1.4) 


I 



VC 

1. stand-by 

2 . TLM interface 

3. Optical unit 

4. X3 channel 

5. TV operator 

6. To high voltage power source 

7. Picture unit 

8. DC/dc converter 

9. DC/DC converter 

10. Process amplifier 

11. Deflection circuit 

12. Drive control circuit 

13. X3 channel 

14. 17-rain, timer CMD 

15. Regulator 

16. To each unit 

17. Multiplexer 

18. Pulse generating circuit 

19. TLM CMD interface 

20. Picture signal 

21. Periodic signal 

22. Regulator 

23. Modulating unit 

24. CMD interface 

25. Amplifying unit 

26. TLM interface 

ATC 

1. Power switch 

2. DC/DC converter 

3. Address decoder 

4. Heater switch 

5. Tolemetry 

6. (Power control unit) 

7. (Multiplexer unit) 

3. Address signal 

9. Multiplexer 

10. Heater power 

11. Pre-heater 

12. Heater A 

13. Heater S 

14. Heat pipe 

15. Temperature data 

16 . Heater A 

17. Heater B 

18. Thermal louver 

19. Temperature data 


MAC 

1. DC/DC converter 

2. Regulator 

3. Monitor circuit 

4. CMD interface 

5. Mode switching circuit 

6. Memory circuit 

7. Coil selecting circuit 

8. Coil register y 

9. D/A converter 

10. TLM interface 

11. Monitor circuit 

IBS 

1. Input filter 

2. To each unit 

3. Power source unit 

4. CMD interface j 

5. Power source control unit 

6. Reference t- 

7. Monitor signal 

8. Switching signal 

9. TLM switching unit 

10. Control signal 

11. Reference 

12. Monitor signal 

13. TLM signal p 

14. Drive power source f 

15. Power source unit (PSI-PSIO) jj; 

16. Monitor circuit >" 

17. TLM circuit p 

18. 10 system power ; 

19. (same as above) ^ 


: Temperature sensor 

(PWlti : S/c bus power source 

(CMl5y : Command signal 

(TLM) : Telemetry signal 

(CLK# SIG) : Clock, enable, MAPS, 
MIPS 

(TLM. CC^BI : Telemetry conditioning 
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A2 Record of problems 

A summary of problems recorded during post-PM developments is given. 
Table A2.1 and A2.2 list the problems occurred in QT of the engine unit 
component test and in the sub-system test of ion engine system. 

Table A2.3 lists the problems occurred in the siib-system evaluation 
(PM engine #1 and modified EM of power conditioner) , Table A2-4 and 
Table A2.5 list the problems occ\urred in the AT of engine unit component 
test and in the sub-system test of ion engine system. With power 
conditioner, component test showed no problem in neither QT nor AT. 


Table A2.6 and T^le A2.7 are the lists of problems in the 
Qualifying Test and in the Acceptance Test of the system. Not listed 
here is the problem described in Section 8.2.1, of ignitability 
fluctuation of hollow cathode during engine unit performance check 
before delivery to the launch complex. 



Table A2.1 Record of Problems (I EE QT) 


IBE #1 

1. Insulator heater voltage did not meet the standard range during 
rated operation test of performance test (I), (Measured: 2.593-^ 
2.600V. Standard: 3± 0.3V) 

Cause and treatment: Dummy load smaller than the actual. 

No problem in performance evaluation, and test continued. 

2. Main hollow cathode discharge could not be maintained after 
ignition during interface check of performance test(l). 

Cause and treatment: Influence of capacitance on the testing 

power source side. St^ilizing resistance changed to 20 ^ . 

3. Neutraliser cathode was not ignited 30 minutes after start during 
parameter test of performance test (I). 

Cause and treatment: Insufficient activation of neutraliser 

hollow cathode. Retested after activation. 

4. Main discharge alone broke down during thermal vacuum test. 

Cause and treatment: Main hollow cathode keeper discharge 
manually stopped and thrown into forced recovery mode, 

5. Base plate temperature was outside the range of testing standard 
in the performance test (I) and in thermal vacuum test. 

Cause and treatment; Off-the-standard temperature range and 
its duration too insignificant to affect performance check, 
and testing continued. 

6. Performance characteristic data could not be obtained due to a 
faulty mi-ni-con(? micro computer?) during thermal vacuum test. 

Cause and treatment: Data on real time characteristics 

obtainable under this condition. Testing continued. 

7. Discoloring of metal part of D subconnector discovered in the 
appearance inspection after thermal vacuum test. 

Cause and treatment: Caused by chamber test. No affect on 

the connector performance. Testing continued. 

a. Breaking of main hollow cathode vaporiser thermocouple was found 
during charging/insulation test after oscillation test (random 
wave, X-axis) . 

Cause and treatment; Thermocouple replaced. For prevention 
of recurrence, ends of thermocouple secured on tank support. 
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9. Appearance defects were found in the vaporizer heater lead wire 
of main hollow cathode, i.e. Ni-plating disappeared and turned to 
copper color. 

Cause and treatment: Due to exposure to temperature of about 

970C for the brazing treatment of 8 above. Vaporizer heater 
replaced. 

10. Neutralizer hollow cathode could not be controlled, during interface 
check of performance test (II). 

Cause and treatment: Neutralizer hollow cathode replaced, 

due to a possibility of its affecting interface with power 
source. 

11. Short-circuit occurred in cathode heater of main hollow cathode 
during rated operation test of performance test (II). 

Cause and treatment: Faulty spot welding of hollow cathode 

unit. Repairing difficult, and the main hollow cathode 
replaced. 

12. Forced ignition was required due to slow ignition of neutralizer 
hollow cathode keeper discharge during rated operation test of 
performance test (II) . 

Cause and treatment: This treatment was for checking ignition. 

No effects on performance. No action taken and rated 
operation retested. 

13. Beam injection was started without a 3-minute waiting time, as 
manual operation was started immediately after NBU START during 
interface check of performance test (II). 

Cause and treatment: Secere conditions for -a test. No 

effect on evaluation. No action taken. 

14. Defects discovered in the final appearance inspection. 

Cause and treatment: Due to handling in tests. No effects 

on functions and performances, and no action taken. 


lEE #2 

1. Dent was found on the shell in appearance inspection. 

Cause and treatment: Mishandling during asseitibly. Dent 

minor, and no action taken. 

2. Beam could not be injected during thermal vacuum test. 

Cause and treatment; Misconnect ion (between beam power source 
and accelerating grid power source) . Little effects on the 
unit. Connected properly and retested. 
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3. Discoloring of metal part of D subconnector found in appearance 
inspection during thermal vacuum test. 

Cause and treatment: Caused by chamber tests. No effects 

on connector performance and no action taken. 

4. Oscillation patterns did not meet the standards during oscillation 
test (random wave# Z-axis) . 

Cause and treatment: No effects on strength. No action taken 

5. Resistance of main hollow cathode heater increased during charging/ 
insulation test after oscillation test (random wave, Z-axis). 

Cause and treatment: Breaking of cathode heater lead wire 

at the terminal. Repaired and reconnected by spot welding. 

6. Cracking was discovered in the sealed end of main hollow cathode 
insulator heater. (Pound while treating 5 above.) 

Cause and treatment: Mishandling during hollow cathode test. 

Insulator heater replaced, 

7. Appearance defects were found in the vaporizer heater lead wire 
of main hollow cathode, i.e. Ni-plating disappeared and turned to 
copper color. 

Cause and treatment: Due to exposure to temperature of about 

970C for the brazing treatment of 6 above. Vaporizer heater 
replaced, 

8. Relative humidity exceeded the standard during preparation for 
performance test (II), (69-71%, about 30 minutes.) 

Cause and treatment: Duration short and no .effects on 

performance and reliability. No action taken. 

9. Main hollow cathode keeper discharge was not ignited after 30 
minutes during rated operation test of performance test (II) . 

Cause and treatment: Faulty ignition due to the first time 

operation after exposure to air. Main hollow cathode replaced 
because of a short circuit of cathode heater found at the 
same time. 

10. Beam injection could not ke tested due to repeated disappearance 
of main discharge during rated operation test after main hollow 
cathode was replaced. 

Causa and treatment: Mismeasurement of flow and temperature. 

No effects on performance and no action taken, 

11. Breaking of neutralizer hollow cathode vaporizer heater was dis- 
covered during oscillation test (random wave, Y-axis) under MR 
treatment. 
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Cause and treatment: Oscillation under increased stress from 

many installation/removal of MR treatment. Repairing difficult 
and neutralizer hollow cathode replaced. 

12. Data on neutralizer keeper voltage, mercury flow, etc. did not meet 
the standards during rated operation test of performance test (II). 

Cause and treatment: No effects on performance, and no action 

taken for neutraliser keeper voltage. Mercury flow remeasured 
and the standards met. 

13. Defects discovered in the final appearance inspection. 

Cause and treatment: Due to handling in tests. No effects 

on functions and performances, and no action taken. 



Table A2.2 Record of Problems (lES QT) 


IBS j{=l 

1. During hollow cathode operation test of functionality test of ion 
engine system (corribinat ion of 1EE#1, IR and IP#1) , keeper discharge 
stopped twice after main discharge was ignited. Keeper discharge 
ignited three times but main discharge current did not flow normally. 

Cause: Due to a transient phenomenon during main discharge 

of the engine unit, excess current protection circuit for main 
discharge unit in the power source device latched. 

Action taken: Constant of the excess current protection 

circuit changed. Unit UPC30180B-C1 (O.Olp ) eliminated and 
R8 changed from IM^ to lOOkJl. * 

2. During beam injection operation test of function/performance check 
of ion engine system (combination of lEl^l, IR and IP#L) beam could 
not be injected. 

Cause: Same as above. 

Action taken: Same as above. 

3. During neutralizer operation test of function/performance check of 
ion engine system (combination of IEEf|:l# IR and IP#L) , 23. 3W power 
from PS7 of the power source device (IP) was supplied to the engine 
(lEE) for 30 minutes# but the neutralizer in the engine did not 
ignite. 

Cause: Insert loss of extension cable connecting the main 

unit and power source via junction box in the test configuration 
and, assumably, higher-than-estimated load impedance (lEE) 
with respect to power source. 

Action taken: External power source used for neutralizer 

heater power source (PS7) and testing continued. If the same 
same occurred in the combination of IEE#2, test to be 
performed withe external power source. TASK IJIVIEW given 
after the combination test to determine whether to move onto 
next TASK. 

4. During rated operation test of thermal vacuum test of ion engine 
system (cotribinat ion of lEEHl:!, IR and lE^l) , neutralizer keeper 
discharge did not tturn ON. 

Cause: Assumed lack of compatibility between power source 

device (#1) and engine unit(#l) with respect to neutralizer 
heater. 

Action taken: Punction/performance on the component level 

reviewed (review of IEE#1 requested to MELCO) . Testing halted 
for ion engine system #1 and test performed for #2. 
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(Electromagnetic compatibility test) During QT for electromagnetic 
compatibility of ion engine system (combination of 1EE#2, IR and 
IP#2 ) , neutralizer keeper discharge did not turn ON. 


Cause: Contamination on neutralizer keeper and lead support 

by backspat taring from the lower engine body. 

Action taken: Engine unit#2 sent back to Mitsubishi Electric 

for inspection and treatment. 

(Electromagnetic compatibility test) During appearance inspection 
after QT for electromagnetic compatibility test of the system 
(IEB#2. IR and IP#2) , discoloring (dark brown) was found on beam 
injection surface and on sides of engine body* especially where the 
neutralizer was mounted. 

Cause: Oil splashed and adhered to IEE#2 during EMC test and 

discolored under heat^ etc. 

Action taken: As ion engine unit was placed in vacuum of 

lO-^Torr for two days after completion of test, no possibility 
of adhered material further affecting the engine. No effects 
on performance and no action taken. 
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Table A2.3 Record of Problems ( lES Evaluation Test) 


1. In the combination of IR(EM) and IP (EM), power was OFF for 

two minutes during idling. 

Cause: Based on that lES bus power power source and vacuum 

meter both turned off, a temporary outage in their power 
source system (ACIOOV) suspected. 

Action taken: Following done and testing continued. 1) lES 

OFF CMD executed; 2) power source of 28V bus power checked? 

3^ lES ON CMD executed; 4) Input current checked? 5) MAG CMD 
executed? 6) IDL CMD executed, and 7) Input current checked. 

(As lES was in IDLING, AC lOOV OFF did not affect lES functions 

2. In the combination of IEE#1, IR(EM) and IP (EM), four minutes after 
START CMD was sent, abnormality was observed in the telemetry data 
on pan recorder. 

Causa: Burning of srush current damping resistance Rl in IR 

(EM) , assumably due to some faulty movement of latching relay 
which short-circuits Rl. 

Action taken; Resistance Rl replaced in IR. Testing 
continued after IR component (single unit) check. 

3. In the combination of lEEf^l, IR(EM) and IP (EM), neutralizer 
vaporizer temperature Tnv was lower than estimated. Estimated: 

Tnr c£. 227C. Measured: Tnv=l59C, 

Cause: Tnv telemetry drifted with a drift in offset voltage 

of operational amplifier IC 23 (LM108AF) in the printed unit 
of IP(E1#1) . 

Action taken: IC23 (LM108AF) replaced and corrected Tnv curve 

taken . 

4. In the combination of IEE#1, IR(BM) and IP (EM), injection was not 
reached when beam voltage of Vjj=lkV was applied to the engine unit. 

Cause: Beam voltage thrown in before main discharge was 
sufficiently stabilized, which caused accelerator current (la) 
to flow in excess, activating protection circuit in power 
source device which shut off beam voltage. 

Action taken: Main discharge maintained for 1 hour after 

ignition for stabilization. Then, discharge current changed 
from 0,35A to 0.3A immediately before throwing in beam 
voltage. (Change to be made in testing procedure manual.) 

In the parameter test of neutralizer keeper voltage Vnk of the 
conibination of IEE#1, IR(EM) and IP (EM), ion injection was not 
reached when beam voltage of V]^lkV was applied to engine unit. 
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Cause: Presumably# accelerator current flowed in excess 

when beam voltage was thrown in# causing insulation breakdown. 


Action taken: Time constant of IP (EM) inhibit circuit changed 

from 0*8 sec to 1.4 sec# same as PM. Amount of mercury flow# 
MAG CMD Vd= 38V changed to 36V« Discharge current M3 CMD 
0.35A changed to 0.30A. 

During thermal vacuum test of the combination of XEE#1# IR(EM) and 
IP (EM) # beam injection was not reached when beam voltage of Vijj=lkV 
was applied. 

Causes Presumably# high voltage was thrown in twice without 
setting Vjij (operation mistake) # leaving large amounts of 
vaporized mercury in the engine unit and thus causing plasma 
density to increase. 

Action taken: Discharge current (I^) sat to 0.3A and high 

voltage thrown in; after stabilizing# discharge current (I d) 
set to 0.35A to obtain data. 

In the combination of 'lEEtfl# IR(EM) and IP (EM) # discoloration 
(light brown color) of beam injection siurface on the engine unit 
was found during appearance inspection after completion of tests. 

Cause: Presumably# spattering from vacuum tank during ground 

testing. (This problem peculiar to ground testing.) 

Action taken: Discoloring occurred when lEE was in operation# 

and not likely to progress during storage and exposure to air. 
Mo action taken. 
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Table A2.4 Record of Problems (lEE AT) 


lEE #1 

1. Defects in appearance and mislabelling found in appearance 
inspection of early stage mechanical function test. 

Cause and treatment: Defects minor and no action taken* 

Mslabelling of parts numbers and manufacturing dates to be 
corrected by the completion of AT. 

2. Main vaporizer heater current did not meet the standards during 
rated operation of performance test(X). 

Cause and treatment : This data obtained immediately after 

ignition and is due to noise generated by ignition. Mo 
effects on performance and no action taken. 

3. During rated operation of performance test (I), 1} propellant 
utilization efficiency, 2) beam current and 3} insulator heater 
voltage did not meet the standards. 

Cause and treatment: Does not occur if mercury flow is 

slightly reduced. Also, tolerable overall performance with 
respect to interfacing achieved. No action taken. 

4. During interface check of performance test{i), unstable conditions 
were observed at the beginning of ignition of neutralizer hollow 
cathode keeper discharge. 

Cause and treatment : Phenomenon does not occur when combined 

with lEP. Ignition can be achieved by normal recovery 
sequence. No action taken, 

5. In the interface check of performance test (I), beam current during 
steady state injection did not meet the standards. 

Cause and treatment : Caused by turbulence of discharge cnarrent 
waveform. No effects on total performance or interface. No 
action taken. 

6. At the start of rated operation test of performance test(ll), 
degree of vacuum did not lower below targeted value. 

Cause and treatment: Due to chamber capacity. No effects 

on lEB operation. No action taken. 

7. In the parameter test of performance test (II), base plate 
temperature did not meat the standard. 

Cause and treatment: Control mistake. No effects on 

evaluation of performance data. No action taken. 
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8* In the appearance inspection of the final mechanical funtion test, 
scratches, etc. were found. 

Cause and treatment t No effects on functions. No action 
taken . 


lEE # 2 

1. Defects in appearance and mislabelling found in appearance 
inspection of early stage mechanical funtion test. 

Cause and treatment: Defects minor and no action taken. 

Mislabelling of parts numbers and manufacturing dates to be 
corrected by the completion of AT, 

2. During rated operation of performance test (I) , insulator heater 
voltage and main vaporizer heater current did not meet the 
standard during transient state before injection. 

Cause and treatments Insulator heater voltage meets the 
standard when measured at monitor terminal, and main vaporizer 
heater current a short-lived phenomenon. No effects on 
performance. No action taken. 

3. During rated operation of performance test (I), beam injection could 
not be achieved. 

Cause and treatments lEE normal during charge check 
before performance test. Connections changed to equivalent 
line at the output terminal b ard of pov/er source and testing 
continued. 

4. During rated operation of performance test (I), main hollow cathode 
keeper discharge and main discharge did not ignite after 30 minutes. 

Cause and treatment: Input of PS4 changed from 5.0A to 5.2A 

(constant current) and keeper discharge ignition resulted 
within 5 minutes. Testing continued. 

5. During Interface check of performance test (I), unstable conditions 
were observed at the beginning of ignition of neutralizer hollow 
cathode keeper discharge. 

Cause and treatment : Phenomenon does not occur when combined 

with lEP. Ignition can be achieved by normal recovery 
sequence. No action taken. 

6. During rated operation of performance test(II0, short circuit 
occurred in the neutralizer keeper immediately after operation was 
started. 

Cause and treatment: Caused by short-circuit inside 

neutraliser hollow cathode- Neutralizer hollow cathode 
replaced and AT given again. 
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7. Main hollow cathode insulator heater lead wire was found closer to 
the main support (found as a result of 6 above). 

Cause and treatment: Already close when produced. Mo 

plastic deformation and no visually observable abnormality. 

Mo action taken. 

8, There were two spots on the housing insert where screws for 
mounting the shell were hard to go through (found as a result of 
6 above) . 

Cause and treatment : Tapped to let through. 

9- In the acceptance test of hollow cathode, melted area of spot 

welding was found larger on the cathode heater side (replaced item 
in 6) . 

Cause and treatment: Unevenness in workmanship. Mo effects 

on strength. No action taken. 

10. During rated operation of performance test (I), main hollow cathode 
vaporizer heater power source and neutralizer hollow cathode keeper 
discharge voltage did not meet the standards. 

Cause and treatment: Main vaporizer current a short-lived 

phenomenon and no effects on performance. With keeper 
discharge, no effects on maintaining interface stability and 
neutralizing function verified. No action taken, 

11. In the interface check of performance test (I), main hollow cathode 
vaporizer heater current did not meet the standard. 

Cause and treatment: Short phenomenon (about 10 sec.) 

immediately after neutralizer ignition and no effects on 
performance. (Same as 10 above.) Mo action taken. 

12. In the random oscillation test (K-axis) , the pattern exceeded the 
standard. 

Cause and treatment; Due to control capability of oscillator. 
Mo resonance point near l,300Hz. Under QT level. No 
negative effects, and no action taken. 

13. During rated operation of performance test (II), neutralizer hollow 
cathode keeper discharge voltage did not meet the standard. 

Cause and treatment; Due to characteristics of neutralizer 
hollow cathode. (Same as 10.) Mo problem in maintaining 
interface stability and neutralizing function confirmed. 

Mo action taken. 

14. In the thermal vacuum test, main hollow cathode vaporiser heater 
power source loop could not be controlled properly and beam 
injection could not be performed. 


- 369 - 






Cause and treatment: Caused by faulty action of closed loop 

control circuit in the power source. Beam injection achieved 
by maintaining main vaporizer current at about 2A^ indicating 
no effects on performance. 

15. In the low-temperature starting test (2) of thermal vacuum test# 
discharge voltage immediately after the start of beam injection 
exceeded 60V. 

Cause and treatments Due to low temperature of main hollow 
cathode vaporizer at the time of beam injection. Performances 
same as PM^nd no effects on interface. No action taken. 

16. In high temperature starting test of thermal vacuum test# unstable 
conditions were observed at the beginning of ignition of neutralizer 
hollow cathode keeper discharge. 

Cause and treatment: Phenomenon does ^.ot accur when combined 

with lEP, Ignition can be achieved by normal recovery 
sequence. No action taken. 

17. In the final appearance inspection# scratches# stains# adhesion of 
foreign material# etc. were found. 

Cause and treatment: Minor. No effects on performance. No 

action taken. 
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Table A2.5 Record of Problems (lES AT) 

1. Ion engine unit #2 was unpacked by mistake instead of #1. 

Cause: Carelessness of workers who failed to check product no 

Action taken: Engine unit #2 returned to freight container. 

Air-exposure time recorded. Unit #1 unpacked and tests given. 

2. Instead of 300j?/min rotary pump, l,500J?/min rotary pump for main 
vacuum tank was mistakenly switched off. 

Cause: Operation mistake due to unclear TD instruction. 

Action taken: When the diffusion pump for main vacuum tank 

is mistakenly shut off during operation, protective circuit 
acts to close clapper valve of the pump and electromagnetic 
valve between the diffusion pump and rotary pump. Thus, 
contamination by diffusion of oil does not occur. 

3. Degree of vacuum reached only SxlO'^Torr instead of the specified 
5xlO"2Torr. 

Cause: Presumably, a leakage from a very small scratch found 

on the flange of heat control box. 

Action taken: Metal gasket, inserted into the flange, was 

replaced by a fluorine 0-ring. 

4. Whan 2SV DC power source was switched on, amperometer of DC power 
source oscillated over 5A for an instant and then returned to 
1,0 - 1.2A. At that point, DC power source was immediately shut 
off. 

Cause: Faulty connection of vacuum tank flange connector. 

Action taken: No ill effects on hardware found. Pin 

assignment of cable changed and testing resumed. 

5. In the appearance check of final AT, black binding band was off in 
two places. 


{! 



Cause: Presumably, faulty knots which had come loose. 

Action taken: Re-binding requested to Mitsubishi Electric by 

NASDA. 


Table A2.6 Record of Problems (System QT) 


1. During lES/EEO compatibility test, TLM9406 (cathode keeper current) 
dropped from 2.98 TMV(295. 28mA) to 0.74 TMV (80. 769mA) . 

Cause t Due to a design mistake, surge current exceeding the 
standard was sent to diodes CR4 and CR6(NASDA TXIS 2204) when 
power was supplied. Because of the stress, diodes opened, 
lowering the main cathode keeper current telemetry. 

Action taken: Diodes replaced by JANTX71N645-1 . Same 

treatment given to PM. 

2. Gas leak was found in the connecting part of secondary pressure 
adjuster and primary pressure meter. 

Cause; Presumably, piping to the primary side was touching 
the lower part of the frame, and due to vibration, strain/ 
stress was conducted to the connecting part, damaging sealing. 

Action taken: The area which caused the gas leak was resealed 

with sealing tape. 
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Table A2.7 Record of Problems (System AT) 


1. In N 2 gas purge of engine unit (PM) , purity of K 2 gas measured did 
not satisfy the value required by the "Kindling Manual for Nitrogen 
Gas Purge System. “ 

Cause: While particle counter was adjusted with no pressure/ 

N 2 gas particles were measured with the same amount of flow 
as in actual use. 

Action taken: Measurement procedure established and 

remeasured. No problem observed. 
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A3 Symbols and Formulas 


A3 . 1 Symbols 

Ion engine-relatad sybmols and abbreviations used in this report 
are summarized in Pig. A3, 1 (electrical) , Temperature measurement 
points in the engine unit and symbols are shown in Fig. A3. 2. 

A3 . 2 Formulas 

Formulas for some parameters used in evaluating ion engine are 
given below. 

i) Thrust 

Provided that ion beam is univalent and there is no diffusion 

of beam radius and misalignment, 

/ 2 M where M: mass flow of ion 

' “ gs electric load 

ii) Utilization efficiency of propellant 

9u = (— Jb)/m where m: amount of propellant flow 

iii) Efficiency of propeller 

where P^: input power of engine 

where gi gravity acceleration rate 
Ion production cost 

D = I4 V4 / Jb 


= V„/P. 

iv) Specific impulse 

. = Vu / 




M 


/ s 




- 374 - 




Mercury 

Mercury 

Electro 

Liouid 




Upper flow side 
pole piece 


|PM^ 




jpermaneni: magn< 
i |e Scree 

71 ragrid 


Screen grid power source — 

or beam power source 

Accelerator grid power source 

Discharge (anode) power source- 

Main cathode heater power source 

Main cathode beeper power source— — 
Main cathode vaporizer power source. 

or main vaporizer power source 
Neutralizer heater power source-—,^ 

Neutralizer keeper power source- 

Neutralizer vaporizer power source-^ 
Insulator heater power source 


Voltag 

Vn 







Pig. A3. 2 Symbols (temperature) 


OMWAL 
OF POOR QUAUW 


Hollow 

oathoie support 
Cone I 

Main hollow cathode assembly /CaVa'mlc Discharge chamber assembly 

Tank assembly support \ 

Tank cover \ \ /ii / Il7 Tl 


III II 

ri M II ^ 

b- 1 

*4^ 

U- 1 

.11 1 

p.L“ 

bUi 



mj. 

7—^Wn 


II 

— pgS-^- 


/*si if -44- 

/egCTtank) /Sffi(Tcv) ff 

Mercury tank Main cathode 

temperature vaporizer 

temperature 


\ BEE (Ten) \ 
Engine unit^ 
temperature 


■' Neutralizer hollow 
cathode assembly 

. mCTnv) 

Neutralizer 

vaporizer 

temperature 
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